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FOREWORD 

The  ACS  Symposium  Series  was  founded  in  1974  to  provide 
a  medium  for  publishing  symposia  quickly  in  book  form.  The 
format  of  the  Series  parallels  that  of  its  predecessor,  Advances 
in  Chemistry  Series,  except  that  in  order  to  save  time  the 
papers  are  not  typeset  but  are  reproduced  as  they  are  sub¬ 
mitted  by  the  authors  in  camera-ready  form.  As  a  further 
means  of  saving  time,  the  papers  are  not  edited  or  reviewed 
except  by  the  symposium  chairman,  who  becomes  editor  of 
the  book.  Papers  published  in  the  ACS  Symposium  Series 
are  original  contributions  not  published  elsewhere  in  whole  or 
major  part  and  include  reports  of  research  as  well  as  reviews 
since  symposia  may  embrace  both  types  of  presentation. 
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PREFACE 


'Tphe  papers  that  comprise  this  volume  span  two  major  areas  of  research 
■*-  — solid  state  chemistry  and  physics,  and  the  study  of  transition  metal 
complexes.  The  former  has  been  concerned  largely  with  relatively  simple 
ionically  or  covalently  bound  inorganic  solids  such  as  the  metal  oxides, 
halides,  and  sulfides,  where  extended  interactions  are  the  rule  rather  than 
the  exception.  On  the  other  hand,  until  quite  recently,  the  study  of 
transition  metal  complexes  has  been  almost  entirely  a  study  of  molecular 
systems,  where  the  interactions  in  the  solid  state  are  generally  of  the 
weak  van  der  Waals  type  and  where  the  solid  state  properties  reflect 
closely  those  of  the  constituent  molecular  units  in  solution. 

In  the  last  few  years  it  has  become  clear  that  there  are  a  number  of 
transition  metal  complexes  which  do  not  fit  this  description  very  well. 
In  particular,  these  materials  usually  exhibit  some  of  the  characteristics 
typical  of  molecular  systems  but  display  certain  optical,  magnetic,  or 
electrical  properties  which  evidence  “extended  interactions”  of  appre¬ 
ciable  magnitude  in  the  solid  state.  The  study  of  such  complexes  consti¬ 
tutes  the  main  subject  of  this  volume. 

Many  of  these  systems  show  quite  anisotropic  and  even  pseudo-“one- 
dimensional”  solid  state  behavior,  reflecting  strong  intermolecular  inter¬ 
actions  of  a  highly  directional  character  in  the  crystal.  Such  one-dimen¬ 
sional  systems,  based  on  both  metal  complexes  and  organic  charge-transfer 
compounds,  are  currently  of  considerable  interest  within  the  solid  state 
physics  community  and  are  under  active  study  in  laboratories  here  and 
abroad  ( 1 ,  2).  The  intense  interest  in  these  materials  can  be  attributed, 
in  part,  to  suggestions  regarding  the  possibility  of  superconductivity  in 
such  systems  (3,  4).  The  actual  likelihood  of  superconductivity  here  is 
a  matter  of  some  controversy;  however,  the  wealth  of  new  concepts  and 
the  physical  understanding  that  has  already  resulted  from  the  study  of 
these  systems,  not  to  mention  the  high  conductivities  and  highly  aniso¬ 
tropic  optical,  magnetic,  and  electronic  properties  that  many  of  them 
exhibit,  promise  continued  growth  of  interest. 

One  important  conclusion  from  the  work  on  these  and  other  types 
of  transition  metal  complex  solids  is  that  interactions  between  the  metal 
ions  in  the  crystal,  propagated  either  directly  or  through  a  bridging 
group,  are  often  of  major  importance  in  determining  the  solid  state  prop¬ 
erties.  The  nature  of  these  metal  ion  interactions  and  the  manner  in 
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which  they  relate  to  the  observed  properties  is  the  principal  focus  of  the 
papers  in  this  volume. 

The  first  three  chapters,  which  are  concerned  with  transition  metal 
oxides  and  sulfides,  introduce  the  topic  of  extended  interactions  in  transi¬ 
tion  metal  compounds  from  a  solid  state  viewpoint  and  provide  an 
account  of  current  work  on  the  simple  inorganic,  non-molecular  systems. 

The  discussion  of  transition  metal  complexes  begins  with  Chapter  4, 
which  deals  with  exchange  interactions  in,  and  pathways  for  exchange 
in  some  weakly  associated  molecular  systems.  The  next  two  papers 
describe  the  application  and  interpretation  of  electron  spin  resonance 
measurements  for  studying  exchange  interactions  in  such  systems. 

Chapters  7  through  11  deal  with  systems  in  which  the  exchange 
interactions  are  localized  largely  within  dimeric  or  higher  polymeric  units 
and  provide  some  fundamental  information  regarding  the  influence  of  the 
metal  ion,  the  bridging  group,  and  the  coordination  geometry  on  the 
type  and  magnitude  of  the  exchange  process.  Chapters  10  and  11  also 
introduce  the  topic  of  extended  exchange  interactions  in  one-dimensional, 
ligand-bridged  systems — a  topic  which  is  developed  further  in  Chapters 
12-17. 

Beginning  in  Chapter  17,  which  provides  a  general  survey  of  current 
work  on  one-dimensional  metal  complex  systems,  the  discussion  shifts  to 
direct  metal-metal  interactions  in  solids  containing  stacked  planar  metal 
complexes.  The  remaining  chapters  continue  this  discussion,  concluding 
with  some  recent  work  on  the  mixed  valence  platinum  salts,  which  have 
lately  been  of  much  interest  for  their  one-dimensional  metallic  char¬ 
acteristics. 

The  authors  include  both  academic  and  industrial  research  scientists 
from  the  United  States  and  Europe  and  represent  virtually  every  phase 
of  the  current  work  on  transition  metal  complex  solids. 

The  symposium  on  which  this  volume  is  based  was  supported,  in 
part,  by  grants  and  travel  assistance  provided  by  the  United  States  Air 
Force,  through  its  European  Office  for  Aerospace  Research  and  Develop¬ 
ment,  General  Electric  Corporate  Research  and  Development,  and  the 
Inorganic  Division  of  the  American  Chemical  Society.  This  support  made 
it  possible  for  several  European  authors  to  travel  to  the  symposium  and 
contributed  greatly  to  the  international  flavor  and  overall  success  of  the 
program. 
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Extended  Interactions  in  Transition  Metal  Oxides 
and  Chalcogenides 

AARON  WOLD 

Division  of  Engineering,  Brown  University,  Providence,  R.I.  02912 


As  early  as  1937  de  Boer  and  Verwey  (3J  had  indicated  that 
in  transition  metal  oxides,  in  which  the  d-bands  of  the  transi¬ 
tion  metal  ions  were  partially  filled,  the  potential  energy 
barrier  between  atoms  was  high  enough  to  reduce  the  conducti¬ 
vity  by  an  enormous  amount.  This  was  probably  the  first  indi¬ 
cation  that  the  Block-Wilson  band  theory  of  solids  (1,2)  could 
not  describe  in  a  realistic  way  the  transport  properties  of 
transition  metal  compounds.  Indeed,  the  classical  band  theory 
had  predicted  that  these  compounds  with  partially  filled  d-bands 
would  show  high  electrical  conductivity  (a  =  n  e  p);  the  num¬ 
ber  of  carriers  n  would  show  temperature  independence  and  the 
mobility  u  would  decrease  as  the  temperature  T  increased.  The 
electrical  conductivity  observed  for  these  compounds  would  be  de¬ 
rived  from  these  latter  temperature  dependencies. 

In  1957  (j3)  Morin  reported  on  the  electrical  properties  of 
several  vanadium  and  titanium  oxides,  namely  VO,  V^O^  VO  and 
Ti^Og.  These  oxides  contain  3,2,1  and  1-d  electrons  pdr  transi¬ 
tion  metal  cation  respectively.  These  compounds  show  metallic 
behavior  at  high  temperatures  and  then  become  semiconducting 
when  cooled  through  a  critical  temperature  T  ,  (114°K,  153°K, 
340°K  and  450°K).  For  most  of  these  compounds,  the  electrical 
resistivity  was  observed  to  drop  by  several  orders  of  magnitude 
over  a  small  temperature  range .  The  oxides  of  vanadium  show  a 
reduction  in  symmetry  associated  with  the  resistivity  changes. 

The  lattice  parameters  of  Ti^O-  vary  quite  rapidly  in  the  vici¬ 
nity  of  the  transition  temperature  (T  )  but  there  is  no  change  in 
symmetry  (i+).  Figure  1  summarizes  these  findings.  It  should 
also  be  indicated  that  for  pure  stoichiometric  single  crystals, 
the  temperature  range  over  which  the  transition  occurs  is  greatly 
reduced  and  the  magnitude  of  the  discontinuity  in  electrical  con¬ 
ductivity  is  increased  by  a  factor  of  10  . 

The  3d  transition  metal  oxides  may  therefore  be  either  me¬ 
tallic  at  all  temperatures,  semiconducting  at  all  temperatures  or 
undergo  a  semiconductor  metal  phase  transition  on  heating 
through  a  critical  temperature  T^_ .  The  list  of  compounds 
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EXTENDED  INTERACTIONS  BETWEEN  METAL  IONS 


belonging  to  these  three  classes  may  be  enlarged  to  include  4d 
and  5d-transition  metal  oxides  as  well  as  3d-transition  metal 
sulfides.  This  is  shown  in  Table  1  (5). 

It  is  not  the  purpose  of  this  presentation  to  discuss  the 
various  theoretical  models  used  to  correlate  the  electronic  and 
structural  properties  of  these  compounds.  One  or  two  of  the 
models,  useful  to  the  chemist,  will  be  referred  to  later  in  the 
discussion  of  specific  compounds.  Neither  is  it  possible  to 
treat,  in  the  available  space,  more  than  several  compositions 
that  have  been  studied  at  Brown  University.  However,  it  would  be 
appropriate  to  mention  before  proceeding,  an  important  property 
of  many  transition  metal  compounds  i.e.,  that  for  both  the  semi¬ 
conducting  and  metallic  phases ,  the  electrons  responsible  for  the 
observed  electronic  behavior  of  these  compounds  move  in  narrow 
d-bands.  As  a  result,  the  usual  formulas  attributed  to  band 
theory  break  down. 

From  an  experimental,  or  specifically  synthetic,  point  of 
view  the  crux  of  the  problem  in  studying  these  compounds  is  to 
prepare  pure  stoichiometric  single  crystals.  This  has  involved 
the  development  of  new  techniques  both  for  their  preparation  and 
characterization.  An  understanding  of  the  electronic  properties 
of  these  materials  has  had  to  depend  upon  the  availability  of 
such  crystals. 

A  number  of  typical  transition  metal  compounds  selected  from 
each  of  the  classes  previously  described  will  now  be  discussed  in 
some  detail.  They  will  include  examples  of  binary  transition 
metal  oxides  and  oxyfluorides ,  perovskite  "bronzes"  and  tran¬ 
sition  metal  chalcogenides .  No  attempt  will  be  made  to  discuss 
compounds  other  than  those  which  have  been  prepared  at  Brown 
University.  A  relatively  simple  one-electron  model  proposed  by 
Goodenough  (6,7)  will  be  used  to  correlate  the  various  structur¬ 
al  and  crystallographic  properties  observed  for  these  materials. 


I.  Tungsten  (VI)  Oxide  and  the  Cubic  Tungsten  Bronzes.  The 
ReO  type  structure  consists  of  ReOg  regular  octahedra  joined  to¬ 
gether  by  sharing  corners  to  form  a  three-dimensional  lattice 


shown  in  Figure  II.  WO^  does  not  crystallize  according  to  this 
scheme.  Braekken  (8)  has  indicated  that  this  compound  has  a 


structure  of  low  symmetry,  consisting  of  deformed  W0fi  octahedra 
joined  in  the  same  way  as  the  regular  octahedra  of  tne  ReO^ 
structure.  The  cell  is  monoclinic  (pseudo-orthorhombic)  with 
a  =  7.285^,  b  =  7.517  A,  c  =  3.835A,  a  -  y  =  90°,  6  =  90.90°. 

The  cubic  tungsten  bronzes  crystallize  in  the  perovskite 


structure,  ABO^.  This  structure,  like  ReO^,  is  formed  by  the 
corner  sharing  of  BOg  octahedra.  However,  in  the  case  of  the 
perovskite  structure  all  of  the  large  A  sites  are  occupied.  For 
the  cubic  bronzes,  M  W0„,  the  alkali  metal  cations  are  statis- 
tically  distributed  over  the  A-sites. 

The  electrical  properties  of  ReO^,  the  structurally  related 
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Table  1.  Classification  of  Transition  Metal  Oxides 
according  to  Their  Electrical  Behavior 


-CLASS  I  - 
Metallic  Compounds 


3d-compounds : 

4d-compounds : 

5d -compounds : 

TiO,  Cr02,  TiS,  CoSj,  CuSj. 

NbO ,  RuOj. 

Re°3. 

-CLASS  II  - 

Semiconducting  Compounds 

3d-compounds : 

NiO,  CoO,  MnO,  FeO ,  Fe2C>3,  Cr203 

MnS ,  MnS2>  FeSj. 

-CLASS  III  - 

Transitional  Compounds 

3d-compounds : 

Vo,  v2o3,  vo2,  v3o5,  v4o?,  v6o13. 

Tl2°3  ’  Tl3°5 ’  Fe2°4’ 

NiS,  CrS ,  FeS. 

4d-compounds : 

Nb02. 
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Figure  I.  Electrical  conductivity ,  magnetic  susceptibility ,  and  spe¬ 
cific  heat  vs.  temperature  for  VjO.,,  VO>,  and  77.0., 
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cubic  bronze,  Na  WO^,  and  the  ordered  perovskite  Sr^M  ReOg  have 
been  investigated  by  Goodenough  and  co-workers  (9). 

The  one  electron  energy  diagram  for  ReO.,  is  shown  in  Figure 
III.  Because  of  the  octahedral  crystal  field  the  d-electron 
energy  states  of  the  rhenium  are  split  into  a  less  stable,  doubly 
degenerate  state  (e  )  and  a  more  stable  triply  degenerate  (tj  ). 
The  outer  electron  Inergy  levels  of  the  anion  are  similarly  snown 
on  the  right  side  of  the  figure. 

The  overlap  of  cation  t„  and  anion  p^  orbitals  results  in 
the  formation  of  bonding  and  Intibonding  bands  extending  through¬ 


out  the  crystal  (10 I. 

The  Fermi  level  may  be  located  by  looking  at  the  number  of 
outer  electrons  per  molecule.  Consider  the  ReO^  unit  for 
rhenium  5d  6s  .  There  are  [7]  x  [1]  =  7  electrons.  The  oxygen 
2s  2p  contribute  [6]  x  [3]  =  18  electrons  resulting  in  25 
electrons  per  molecule.  Upon  filling  the  available  energy  levels, 
the  last  electron  occupies  the  7t*band.  This  band  is  partially 
filled  and  causes  the  observed  metallic  behavior. 

The  origin  of  the  metallic  conductivity  of  cubic  Na^WO^  has 
been  postulated  by  several  models:  1.  The  direct  overlap  of 
sodium  3p  orbitals  (11)  2.  The  direct  overlap  of  tungsten  t. 

orbitals  leading  to  tungsten- tungsten  bonds  (12)  3.  The 

covalent  mixing  of  tungsten  t  orbitals  and  oxygen  orbitals 
to  form  partially  filled  bands ^(13). 

Goodenough  and  his  co-workers  (9)  performed  a  unique  ex¬ 
periment  which  indicated  that  the  third  possibility  was  indeed 
the  most  probable  mechanism  for  the  observed  metallic  con¬ 
duction  in  these  materials.  The  compound  Sr^M  ReO  crystallizes 
in  the  ordered  perovskite  structure  (see  Figurd  IV).  The  B-site 
cations.  Mg  and  Re,  order  such  that  each  rhenium  has  only  magne¬ 
sium  nearest  cation  neighbors  and  vice  versa  (9).  Such  an 
arrangement  would  still  allow  for  the  overlap  of  rhenium  t^  or¬ 
bitals  across  a  cube  face.  Consequently,  metallic  behavior  would 
be  expected  if  Model  2  applied.  However,  if  the  electrical  pro¬ 
perties  are  a  result  of  cation  t„  and  oxygen  interactions 
(Model  3),  Sr.MgReO  should  be  a  lemi-conductor ,  since  Mg  does 
not  possess  t„  electrons.  The  observed  semi-conductive  be¬ 
havior  (E  =  07§leV)  and  temperature  dependent  paramagnetism  con¬ 
firm  thatathe  electrons  are  localized  rather  than  occupying 
collective  energy  bands  (9).  Thus,  model  3  is  consistent  with 
the  interactions  present  in  perovskite-like  materials  and  best 
explains  the  observed  properties. 


II.  Vanadium  (IV)  Oxide  and  Substituted  Compounds.  The 
high  temperature,  metallic  VO.phase  has  a  tetragonal  rutile  like 
(14)  structure  (space  group  P42/mnm)*  As  can  seen  from  Figure 
V  the  structure  may  be  described  as  strings  of  edge-shared 
octahedra  joined  by  corners  extending  in  the  c  direction.  The 
V-V  distances  are  equivalent  within  the  strings  (2.87  8  ). 
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Figure  IV.  Structure  of  Sr.MgRcO,- 


•  Vanadium 
O  Oxygen 


Figure  V.  Rutile  structure 
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Below  340°K,  VO^  has  been  reported  to  have  a  distorted  ru¬ 
tile  structure  with  monoclinic  symmetry  (P2^/c.  This  distortion 
(see  Figure  VI)  causes  the  vanadium  atoms  located  in  the  strings 
of  VOg  octahedra  to  occur  as  doublets  (similar  to  MoO  ).  The  V-V 
distances  are  no  longer  equal  but  are  2.658  and  3.12^  (14).  As 
pointed  out  by  Heckingbottom  and  Linett  ( 1_5_) ,  in  the  low  temper¬ 
ature  semiconducting  phase  the  c  axis  is  tilted  causing  the  vana¬ 
dium  atoms  to  be  displaced  from  the  center  of  its  octahedra. 

The  band  structure  for  tetragonal  VO^  has  also  been  examined 
by  Goodenough  (14)  and  is  shown  in  Figure  VII.  Because  of  edge 
sharing  of  V0g  octahedra  in  the  tetragonal  phase,  an  orthor¬ 
hombic  component  of  the  crystal  field  removes  the  d-state  de¬ 


generacy.  The  two  e  orbitals,  normally  occuring  in  an  octa¬ 
hedral  field,  are  spfit  into  two  da  orbitals  and  the  three  t. 
orbitals  split  into  two  d  orbitals  which  mix  with  the  anion  R 
p^  orbital  and  a  dn  orbiial  directed  along  the  c  rutile  axis. 

When  the  17  outer  electrons  per  molecule  in  VO,.  are  placed 
into  this  energy  scheme  the  final  electron  enters  tne  over¬ 


lapping  it*  and  dii  bands.  These  overlapping,  non-degenerate 
bands,  being  onlf 'partially  filled,  result  in  metallic  conductiv¬ 


ity  in  the  tetragonal  phase  (14). 


Below  the  transition  temperature  VC>2  has  a  monoclinically 
distorted  rutile  structure  characterized  by  the  formation  of  V-V 
pairs  along  the  a  monoclinic  axis  (crut-ie  axis)  and  a  consequent 
doubling +^f  the  crystalographic  unitrcell  (16) .  This  displacement 
of  the  V  ion  from  its  center  of  symmetry  is  believed  to  be 
caused  by  a  ferroelectric  -  type  distortion  (14_).  The  effect  of 
this  distortion  on  the  band  structure  of  VO^  is  shown  in  Figure 
VIII.  The  dii  band  is  split  in  two  and  the  Fermi  energy  is 
lowered  below1 the  bottom  of  the  it*  band.  As  a  consequence  of 
doubling  the  cell,  the  lower  t„  band  is  filled  completely  and 
semi-conducting  behavior  result!  (14). 


III.  Oxy fluorides .  At  low  levels  of  fluorine,  the  oxy- 

fluorides  usually  possess  structures  quite  similar  to  the  parent 

a  =  7.356  8, 
o 

are  quite 

_ .  linic 

W03a  =  7.301  8  b  =  7.538  8,  c  =  3.844  87  6  =  90.89°. 

Sleight  did  not  rule  out  the  possibility  that  W02  F  q4 
could  be  monoclinic  with  the  deviation  of  the  monoclinic  angle 
from  90°  being  too  small  to  detect.  Higher  substitutions  of 
fluorine  in  the  W03_  F^  systems  stabilizes  the  cubic  ReOg 
structure  ( 17 ,  18) .  ¥his  structure  is  analogous  to  the  perovskite 
type  alkali  metal  bronzes  with  all  A  sites  vacant.  In  the  tung¬ 
sten  oxyfluoride  system  the  cubic  phase  extended  from  x  =  0.17 
to  0.66.  A  one-electron  energy  diagram  would  be  much  simpler  for 
WO3  ^F^  than  for  the  corresponding  cubic  tungsten  bronzes  Na  W03. 
It  is  not  necessary  to  consider  interactions  involving  A  site 
cations  since  these  positions  are  empty. 


oxide.  The  cell  parameters  (orthorhombic  indexing) 
bQ  =  7.469  8,  cq  =  3.846  8  reported  for  W0.  gg^Q  g4 
similar  to  those  observed  bv  Sleinht  (17)  for  monoc 
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Figure  VI.  Monoclink:  structure  (low 
temperature)  for  VO . 
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Figure  VII.  Electron  energy  diagram 
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The  substitution  of  fluorine  a^so  results  in  additional  elec¬ 
trons  because  of  the  formation  of  W  ions.  Thus,  the  compounds 
WOg_  F  have  x  additional  electrons  per  molecule.  Although  it 
migh?  £e  expected  that  the  more  electronegative  fluoride  ion 
would  have  a  localizing  effect  on  the  additional  electrons,  me¬ 
tallic  conductivity  has  been  observed  for  the  cubic  oxyfluoride 
bronzes.  By  comparison  with  the  WO.  F  system,  in  which  large 
fluorine  substitutions  stabilize  a  high  symmetry  cubic  phase, 
there  may  also  be  an  analogous  decrease  in  the  semiconductor 
metal  transition  with  increasing  fluorine  substitution  in 
V02_xF  .  For  VOj,  the  monoclinic  to  tetragonal  transition  temper¬ 
ature  decreases  with  increasing  anion  substitution  i.e.  the  high 
temperature  tetragonal  phase  becomes  more  stable  (19). 

For  the  system  VO^  xF  activation  energies  were  calculated 
from  the  resistivity  data  fsee  Figure  IX).  the  values  are  given 
in  Table  II  for  different  values  of  x  in  VO  F  .  It  can  be  seen 
from  these  curves  that  a  metallic  to  semiconductor  transition 
occurs  at  a  temperature  which  decreases  with  increasing  values  of 
x.  This  change  in  the  electrical  properties  of  VO^  xFx  can  be 
explained  by  the  corresponding  transition  from  the  monoclinic 
phase  to  the  tetragonal  phase  which  has  been  observed  by  means  of 
low-temperature  X-ray  analysis.  A  linear  relationship  exists  be¬ 
tween  the  value  of  x  and  the  transition  temperature  (T  )  shown  in 
Figure  X;  this  extrapolates  to  the  correct  transition  temperature 
for  pure  V02.  For  the  higher  fluorine  compounds,  the  transition 
region  is  considerably  broadened  and  the  transition  point  was 
chosen  as  the  first  deviation  from  log-linear  behavior.  A  simi¬ 
lar  linear  relationship  exists  between  the  volume  of  the  tetra¬ 
gonal  cell  and  the  value  of  x,  again  extrapolating  to  the  value  of 
the  pure  V02  phase  at  x  =  0  (see  Figure  XI).  The  same  behavior 
has  been  observed  in  compounds  corresponding  to  the  formula 

V  W  o  (o**0.067)  by  Nygren  and  Israelsson  (19). 
i-x 

is  seen,  therefore,  that  the  addition  of  fluorine  tends  to 
stabilize  the  high  temperature,  higher  symmetry,  rutile  phase. 

The  compositions  containing  larger  amounts  of  substituted  fluorine 
shows  primarily  metallic  behavior.  However,  for  all  compositions 
studied  there  still  appears  to  be  a  discontinuity  in  the  resisti¬ 
vity  at  the  expected  transition  temperature  (T^). 

The  metallic  behavior  observed  in  these  materials  may  be  ex¬ 
plained  on  the  model  presented  by  Goodenough  (13_)  and  Rogers  (20). 
In  their  model  the  band  formed  between  the  overlap  of  the  t 2  o 
orbitals  parallel  to  the  crystallographic  c  direction  splits^’into 
a  more  stable,  pair-localized,  bonding  V-V  state  and  a  higher 
less  stable  a*  state.  The  lower  lying  V-V  level  if  filled  with 
one  electron  per  vanadium  and  hence  the  semiconducting  properties 
of  the  monoclinic  VOj  may  be  explained.  The  substitution  of 
fluorine  for  oxygen  in  V02  results  in  the  creation  of  additional 
unpaired  d- electrons.  Despite  the  tendency  for  the  more  electro¬ 
negative  anion  to  localize  d-electrons,  it  is  apparent  that  for 
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Figure  VIII.  Electron  energy  diagram  for 
tetragonal  and  monoclinic  VO. 
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Table  2.  Cell  Parameters  of  VOL.  Compounds 

Cell  Parameters  (A)  Activation  Energy  (eV)  T^oK) 
Compound  a  c 

V02  4.530  -  4  2.369  -  3  0.5  just  below  Tt  340 

V01.97F0.03  4.552  -  4  2.853  ±  3  0.07  298 

V01.96F0.04  4.554  -  4  2.854  ±  3  0.06  282 

V01.86F0.14  4.562  -  4  2.876  -  5  <  0.01  155 

V°1.79F0.21  4.569  -  4  2.886  -  3  <  0.01  65 


L 


X 


Figure  X.  Transition  temperature  vs.  composition  for  VO»..tFr 
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the  amount  of  fluorine  which  has  been  substituted ,  the  conduction 
paths  have  not  been  substantially  altered. 

IV.  Transition  Metal  Chalcogenides.  Binary  and  ternary 
transition  metal  chalcogenides  exhibit  a  variety  of  different 
structures  which  are  often  quite  complex.  This  has  been  attribu¬ 
ted  in  part  to  the  considerable  covalent  nature  of  the  metal- 
sulfur  bonds.  Many  of  these  compounds  also  exhibit  semimetallic 
or  metallic  properties  and  this  indicates  that  not  all  of  the 
bonding  electrons  behave  as  in  simple  covalent  crystals.  A 
characteristic  of  sulfide  minerals  is  that  partial  or  complete 
replacement  of  either  the  cations  or  anions  is  possible  without  a 
change  in  the  crystal  structure  occuring.  Among  the  many  chalco¬ 
genides  studied  at  Brown  University  the  transition  metal  dichal- 
cogenides,  with  the  pyrite  structure,  have  been  particularly 
attractive  since  their  electronic  properties  can  be  radically 
changed  by  substituting  for  either  the  cation  or  anion  in  the 
host  compound. 

This  group  of  compounds  combine  a  simple  structure  (Figure 
XII)  with  a  wide  variety  of  magnetic  and  electrical  properties(21). 
Of  particular  interest  is  the  effect  of  cation  and  anion  sub¬ 
stitution  on  the  ferromagnetic  compound  CoS..  A  one-electron 
energy  scheme  for  CoS2  has  been  described  by  Bither  et  al  (22) 
and  is  shown  in  FigurejXIJI. 

In  this  model  a-d  sp  orbitals  on  the  metal  atom  and  sp  or¬ 
bitals  on  the  anions  are  assumed.  Sulfur  has  six  valence  elec¬ 
trons  that  are  shared  among  four  tetrahedral  bonds.  Each  sulfur 
contributes  one  electron  to  the  S-S  bond  and  the  remaining  five 
to  the  three  M-S  bonds.  Since  all  the  M-S  bonds  are  equivalent, 
each  sulfur  contributes  1  2/3  electrons  to  each  of  them.  Cobalt 
is  coordinated  to  six  sulfur  atoms  at  the  apices  of  an  octahedron 
and  these  sulfur  atoms  thus  contribute  6x1  2/3  =  10  electrons 
to  the  bonding  in  each  octahedron.  These  ten  electrons  plus  the 
two  4  s  electrons  of  the  transition  metal  just  fill  the  ground 
state  o(s-p)  and  a  e  manifold  of  states.  The  remaining  d-elec- 
trons  of  the  metal  odcupy  the  next-lowest  available  levels. 

Since  cobalt  possesses  seven  d-electrons,  the  one  unpaired 
electron  indicated  by  the  magnetic  moment  of  CoS„  suggests  that 
the  t_  levels  are  filled  with  six  electrons  (spin-paired).  The 
unpaired  electron  therefore  occupies  the  a*  e  state.  In  the 
presence  of  a  sufficiently  strong  covalent  interaction  the  c*  e 
level  will  broaden  into  a  band  of  crystalline  states;  the  elec-® 
trons  are  no  longer  bound  to  specific  sites  but  are  free  to  move 
through  the  crystal  under  the  influence  of  an  electric  field. 

This  concept  already  has  been  discussed  by  Goodenough  (23,24). 
to  explain  the  occurrence  of  metallic  conductivity  in  oxides  and 
sulfides. 

For  both  compounds  CoS2  and  CoSe2,  as  well  as  members  of  the 
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Figure  XII.  Pyrite  structure. 
Large  balls  arc  sulfur;  small 
balls,  cobalt. 
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Figure  XIII.  Electron  energy  diagram  for  CoS  . 
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system  CoS  Se  ,  the  only  partially  filled  states  are  the  a*e 
states.  This  implies  that  in  these  materials  the  a*e  states  ® 
constitute  a  band;  the  degree  of  covalence  is  large.  ^The  occur¬ 
rence  of  an  energy  difference  between  the  t ^  and  a*e  states  that 
is  larger  than  the  intraatomic  exchange  enerfy  (low-ipin  con¬ 
figurations  in  ligand  field  parlance)  for  the  solid  solutions  and 
CoSj  is  consistent  with  the  presence  of  strong  covalent  inter¬ 
actions.  The  stronger  the  bonding  between  the  cationic  e  or¬ 
bitals  and  the  anionic  orbitals,  the  larger  will  be  the  splitting 
between  the  t  and  the  a*e  states.  Since  the  t^  levels  are 
essentially  nofibonding  they^’are  little  affected  in^energy;  hence, 
the  energy  difference  between  the  t„  and  the  a*e  states  (which 
corresponds  to  the  ligand  field  splilting,  or  10Dp)  becomes 
larger  with  increasing  covalence. 

CoAsS  has  been  reported  (25)  to  be  a  digmagnetic  semi¬ 
conductor  where  the  low  spin  state  cobalt  (d  )  is  also  present  in 
an  octahedral  field.  Substitution  of  arsenic  for  sulfur  in  CoS_ 
results  in  a  continued  depopulation  of  electrons  from  the  a*  anti¬ 
bonding  band  (2£^)until  for  the  end  member  CoAsS  the  a*  band  is 
empty.  The  possibility  s^f  repopulating  this  band  by  progressive 
substitution  of  nickel  d  for  cobalt  d  has  recently  been  studied 
(27 ).  The  substitution  of  a  small  amount  of  nickel  (x  =  0.05) 
for  cobalt  in  the  system  Co^^Ni^AsS  changed  the  electrical  pro¬ 
perties  from  semiconducting'to  metallic.  Hall-effect  measure¬ 
ments  also  showed  that  the  number  of  carriers  (electrons)  was 
proportional  to  the  nickel  concentration.  These  results  are  con¬ 
sistent  with  the  introduction  of  electrons  into  the  a*  band  as 
nickel  is  substituted  into  CoAsS. 


This  work  was  supported  by  the  U.S.  Army  Research  Office, 
Durham,  the  National  Science  Foundation  and  the  Materials 
Research  Laboratory  Program  at  Brown  University. 
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High  Temperature  Crystal  Chemistry  of  V203  through 
the  Metal-Insulator  Transition  and  of  (Cro.oiVo.99)203, 
an  Insulator 


WILLIAM  R.  ROBINSON 

Purdue  University,  West  Lafayette,  Ind.  47907 

A  variety  of  interesting  structural  and  electrical  phenomena 
are  observed  upon  heating  the  chromium  doped  V203  system 
( CrxVi -x) 2O3 -  At  155-170°K,  those  systems  with  <  0.018  undergo 
an  anti  ferromagnetic  insulator  to  metal  transition  (i).  This 
transition  is  accompanied  by  a  change  from  a  monoclinic  structure 
to  a  rhombohedral  structure  isomorphous  with  a-corundum.  Those 
systems  with  >  0.018  exhibit  an  anti  ferromagnetic  insulator  to 
insulator  transition  at  about  170°K  and  maintain  their  negative 
thermal  coefficients  of  resistivity  at  elevated  temperatures. 

The  electrical  behavior  of  systems  containing  less  chromium 
(x  <  0.018)  is  quite  different  at  higher  temperatures. 

Pure  V203  exhibits  a  continuous  electrical  transition  in  the 
range  225-325°C  which  results  in  an  increase  in  resistivity  of 
about  one  order  of  magnitude  ( 1  »2_,3 ,4_) .  The  doped  systems  with 
x.  <  0.018  exhibit  an  electricaT  effect  which  was  originally 
ascribed  to  a  Mott  transition  (X)  But  which  more  recently  has 
been  described  as  an  extrinsic  effect  resulting  from  the  coexist¬ 
ence  of  two  phases  (4). 

Above  the  transition  at  155-170°K,  all  of  the  various  elec¬ 
trical  modifications  of  ( Crx Vi _x ) 2O 3  are  rhombohedral  and  iso¬ 
morphous  with  corundum.  However,  the  size  of  the  rhombohedral 
cell  varies  between  two  extreme  values.  V203  at  room  temperature 
and  the  low  temperature  form  of  (Cr0.oiV0.99)203  (the  a  form) 
have  unit  cell  parameters  with  a_ approximately  4.95A  and  c 
approximately  14.00A  in  the  hexagonal  indexing  of  the  rhombo¬ 
hedral  system.  V203  at  high  temperature,  the  high  temperature 
form  of  (Cr<>.oiVo.  99  )203  (the  6  form),  and  (Cr0#o>.Vo.9&)203  have 
X  approximately  5.00A  and  c  approximately  13. 94A.  The  change  in 
the  V203  cell  parameters  is  continuous  with  temperature  while  the 
primary  change  in  the  (Cr0<oiV<,.99)203  cell  parameters  occurs 
with  the  a-8  structural  transition. 

In  view  of  the  structural  changes  accompanying  the  semicon¬ 
ductor  to  metal  transition  upon  heating  Ti203(5,6)  or  doping  with 
vanadium  to  give  ( VXT i -| _x) 20 3  where  x^  <  0.1  (7737,  we  thought  it 
interesting  to  follow  the  structural  changes  accompanying  the 
electrical  transition  in  V203  in  the  225°-325°C  range.  Since 
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3-(Cr0 ,o 1V0 .99 )203  does  not  change  much  in  this  range,  it  was 
selected  as  a  reference  material. 

Experimental . 

Samples  of  V203  and  (Cr0io iVo.99)203  (4)  were  provided  by 
Professor  J.  M.  Honig,  Department  of  Chemistry,  Purdue  University. 
A  small  single  crystal  of  each  material  was  cut  from  the  boule 
and  mounted  along  the  210  direction  in  evacuated  silica  capil¬ 
laries  using  the  procedure  described  by  Brown,  Sueno,  and 
Prewitt  (9).  These  crystals  were  used  in  all  subsequent  studies. 

The  unit  cell  dimensions  reported  in  Table  I  and  Figure  1 
were  determined  by  least-squares  refinement  of  the  20  values  of 
15-20  reflections,  principally  of  the  type  hkl ,  lying  in  the 
region  50°  <  20  <  55°.  The  20  values  were  determi ned  on  a 
Picker  diffractometer  equipped  with  a  crystal  heater  (9).  The 
average  peak  position  at  positive  and  negative  20  was  Hetermined 
using  the  quarter  height  technique  and  graphite  monochromated 
MoKa  radiation. 

At  each  temperature  indicated  in  Table  I,  about  360  inten¬ 
sities  lying  in  a  quadrant  of  reciprocal  space  with  5°  <  20  <  62° 
were  collected.  The  diffractometer  was  operated  in  a  0  -  20  mode 
using  a  graphite  monochromator  and  MoKa  radiation.  Following 
application  of  absorption  corrections  and  the  Lp  correction, 
equivalent  reflections  were  averaged  giving  about  100  independent 
reflections  at  each  temperature. 

Both  isotropic  and  anisotropic  refinements  were  carried  out 
for  each  set  of  intensity  data  in  space  group  R3c  using  the  V  and 
0  positions  reported  by  Newnham  and  deHaan  (10J  as  starting  param¬ 
eters.  Three  cycles  of  refinement  in  each  case  resulted  in  con¬ 
vergence  and  gave  final  R  values  of  0.02-0.04.  Selected  struc¬ 
tural  parameters  are  reported  in  Table  I  and  Figures  2  and  3. 

Results 

The  crystal  structure  of  V203  at  23°  was  found  to  be 
identical  within  experimental  error  to  that  reported  by  Dernier 
(11)  and  Newnham  and  deHaan  (10).  The  structure  of  V203  at  600°C 
an?  the  structure  of  8-(Cro.oT7).99)203  were  found  to  be  identical 
to  that  of  ( Cr o . o hCo _ j 6 ) 20 3  (11). 

The  structures  of  all  of"~these  systems,  like  that  of  corun¬ 
dum,  consists  of  an  approximately  hexagonal  closest  packed  array 
of  oxide  ions  with  metal  ions  in  two-thirds  of  the  octahedral 
holes  (Figure  4).  Each  metal  ion  has  four  near  metal  neighbors; 
one  sharing  an  octahedral  face  of  the  coordination  polyhedron 
(M3-M2  in  Figure  4)  and  three  sharing  edges  of  the  octahedron 
(Mi-M3  in  Figure  4). 

The  nonlinear  variation  of  the  unit  cell  parameters  of  V203 
upon  heating  (Table  1  and  Figure  1)  is  similar  to  that  previously 
reported  (1_,12).  The  linear  increase  with  temperature  of  the 
cell  parameters  of  8-(Cr0>oiVo.99)203  parallels  that  of 


In  Extended  Interactions  between  Metal  Ions;  Interrante,  L.; 

ACS  Symposium  Series;  American  Chemical  Society:  Washington,  DC,  1974. 


18 


EXTENDED  INTERACTIONS  BETWEEN  METAL  IONS 


m 

O 

600° 

5.0140(2) 

13.9427(7) 

CM 

« — *» 

r-  IT) 

<r> 

a* 

O  CO  VO 

• 

O  r- 

0 

0  0 

> 

^■OCT» 

•  • 

0 

in  co 

• 

0 

S- 

r~“ 

O 

— 

CNJ  VO 

■O 

O  CNJ  CT* 

c 

O  r—  CO 

03 

OOi^t 
CO  C7i  CT> 

ro 

•  • 

O 

CO 

CM 

> 

r“ 

i- 

, — _ _ _ 

O 

cnj 

M- 

0  vo 

tvs 

cnj 

4-> 

1—  vo 

tvs 

cnj  0  cr> 

O 

•  • 

CO 

O 

-C 

r“ 

0. 

tvs 

r—  VO 

s- 

0 

0  ins 

0 

VO  O  LO 

1—  vo  CO 

r—  cn  cr» 

03 

•  • 

4-> 

CO 

00 

£ 

O 

CNJ  ^ 

•  • 

O  CNJ  > — 

*—* 

CO  <7>  00 
cnj  cr» 

OJ 

CT»  <T> 

JO 

CO 

03 

h- 

CO*J-^£).—  »—  o.— 
COCNJVOCOCOOOO 
r^<T>OCT>VOCO(T>0 
•  ••••••• 

CNJCNJCNJr—  CNJCNJCNJCO 


CNjcocNjr— cnj 

^■vo^-r^ocx»rs.r^ 
CO.—  VOr^C0<y»O>O> 
r^cx»ocT»vors.cocT» 
•  ••••••• 

CNJCNJCNJr—  CNJCNJCNJCNJ 


t—  I—  I—  CNJ  CO  CNJ  CNJ 

coor-imoouno 
csjf— vor^rs.cy»<T>o> 
rs.<x»ocr>vor^co<x> 

CNJCNJCNJr—  CNJCNJCNJCNJ 


CNJ  r-  »— 


cooNcoinoroco 

r-OmNNOO^N 
r-*CT>OCTtVOCOCOCT> 
•  ••••••• 

CNJCNJCNJ,—  CNJCNJCNJCNJ 


f—  CO  r—  CNJ  CNJ 

tnoocoomcNji— cnj 

OCOinNNOOUO 
r^coocy»vocococr> 
•  ••••••• 

CNJ  CNJ  CNJ  CNJ  CNI  CNJ  CNJ 


r^oi— cov£>^rcr»cNj 
cncomkONOootn 
vocooctivocococt* 

CNJ  CNJ  CNJ  CNJ  CNJ  CNJ  CNJ 


r-  VO 

O  CNJ  CO 
O  ID 
r-OfO 

co  o  o> 


<y>ocNjo>ovoo>vo 

rocNjvor^r^cjicriO 

NC^OO^VONCOO 


LOCO  CNJ  CNJ  CNJ  r—  CNJ  CNJ  CNJ  CO 


r— 

O  CO  CO 
CO  •—  CO 
I—  O  CNJ 

»—  o  cr> 


r—  r—  r—  r—  CNJr—  r—  r— 
VO  r-  rx  CO  CO  CO  vo 

^■r-vorxvocr>cno 

NO^OO^VONCOO 


LOCO  CNJ  CNJ  CNJ  »—  CNJ  CNJ  CNJ  CO 


r-  VO 

o^-o 
co  vo 

CNJ  CTi  CNJ 
(T>  CT> 


voi— cnjcs.^; 

VOr^VOCT>CT>0 
N^OOiVONCOO 
•  •  •••••••• 

CO  CNJ  CNJ  CNJ  r-  CNJ  CNJ  CNJ  CO 


N'-N  o<£ 


X  x 
OJ  OJ 

lofuT 


cm  n  h  i  n  ^  in  io 

SSOOOOOO 

I  I  I  I  I  I  I  I 

ssfs'soooo 


L. 

o 


X  X 

OJ  OJ 


2:2:000000 

I  I  I  I  I  I  •  I 

2C  2C  3C  2C  o  o  o  o  * 


In  Extended  Interactions  between  Metal  Ions;  Interrante,  L.; 

ACS  Symposium  Series;  American  Chemical  Society:  Washington,  DC,  1974. 


All  entries  in 


2.  bobin'son  Crystal  Chemistry  of  V.O. 


19 


O 

A 


I4.0C 

13  98- 

1396- 

1394 


-he* 


-V203 

-  1%  Cr-V203 


1392 


A' 


Figure  1.  Variation  of  unit  cell  parameters 
with  temperature 


Figure  2.  Variation  of  metal-metal  dis¬ 
tances  with  temperature 
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Figure  3.  Variation  of  metal-oxygen  distances 
teith  temperature 


Figure  4.  Projection  of  the  corundum  structure 
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(Cr0.o4Vo#96)203  (1)  although  the  cell  dimensions  differ  slightly. 
It  is  apparent  from  the  data  that  the  unit  cell  dimensions  of  the 
pure  and  doped  systems  converge  at  elevated  temperatures. 

The  coordinates  of  the  metal  and  oxygen  atoms  of  V2O3  and 
8-(Cr0.oiVo. 99)20}  also  converge  with  increasing  temperature. 

The  changes  in  metal-metal,  metal-oxygen,  and  oxygen-oxygen 
distances  which  result  are  given  in  Table  1.  Plots  of  metal -metal 
and  metal-oxygen  distances  are  presented  in  Figures  2  and  3. 

Both  the  Mi-M2  and  M!-M3  equilibrium  distances  increase  with 
temperature  in  V203.  The  Mj-M2  change  from  2 .697 ( 1 ) A  at  23°  to 
2.738(1 )A  at  600°  represents  a  change  of  about  40  e.s.d.'s  as 
does  the  increase  from  2.880(1 )A  at  23°  to  2.924(1 )A  at  600°  in 
the  Mi-M3  distance.  Over  the  temperature  range  23°  to  310°C  the 
Mi-M3  equilibrium  distance  of  B-(Cr0.oiVo  99)203  increases 
slightly  from  2.917(1 )A  to  2.920(1 )A  while  the  Mj-M2  distance 
decreases  from  2.747(1 )A  to  2.739(1 )A.  This  latter  change  occurs 
even  though  the  £  axis  which  is  parallel  to  the  M3-M2  direction 
is  increasing. 

No  significant  changes  in  the  metal-oxygen  distances  in  the 
doped  system  are  observed  upon  heating.  The  maximum  change  is 
three  e.s.d.'s.  Small  changes  in  the  metal -oxygen  distances  in 
V203  are  observed.  The  M,-0i  distance  varies  by  0.015A  from 
2.051  (1  )A  to  2.066(1  )A  while  M,-0..  varies  from  1 .968(1 ) A  to 
1 .981 (1 )A,  a  change  of  0.013A. 

The  only  significant  change  in  oxygen-oxygen  distances  is  in 
the  04 -0s  distance  in  V203.  This  distance  changes  from  2.952(1 )A 
at  23°  to  3.007(1 )A  at  600°C.  The  other  changes  are  0.009A  or 
less. 

In  general,  the  structural  changes  in  V203  upon  heating 
involve  a  slight  reduction  of  the  spacing  between  the  approxi¬ 
mately  hexagonal ly  closest  packed  planes  of  oxygen  atoms  with  a 
concomitant  increase  in  the  average  oxygen-oxygen  separation  in 
the  planes.  One  can  distinguish  two  types  of  oxygen-oxygen 
distances  within  a  given  plane;  distances  of  the  type  03-02 
along  the  edge  of  a  shared  octahedral  face  and  distances  of  the 
type  0 1 -0 3  or  (K-Os  along  the  edges  of  an  unshared  face.  It  is 
expansion  of  the  oxygen-oxygen  distances  along  the  edges  of  the 
unshared  face  which  is  reflected  in  the  increase  in  the  ^axis. 
Paralleling  the  increase  in  the  a  axis  is  the  M1-M3  separation. 
The  Mi-M2  distance  increases  at  the  same  rate  as  the  Mi-M3 
distance.  The  net  result  of  these  changes  is  that  at  high 
temperatures  V203,  which  is  isostructural  with  a-(Cr0. 01^0.99)203 
(13)  at  room  temperature,  becomes  isostructural  with 
B-t*Cro , 0 1  Vo . 99) 2O3  and  (Cro#oitVo, 95)203. 
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Synthesis  and  Properties  of  Some  New  Organic 
Intercalation  Complexes  of  Tantalum  Sulfide 


K.  L.  HARTLESS  and  A.  M.  TROZZOLO 
Boll  Laboratories,  Murray  Hill,  N.J.  07974 


Intercalation  of  layered  compounds  by  metals  has 
been  previously  reported  ( 1-3 ) •  A  number  of  inorganic 
and  biological  molecules  have  been  found  to  intercalate 
clays  and  graphite  (6,7)  ■  The  first  intercalation  of 
layered  transition  metal  chalcogenides  by  organic 
molecules  was  reported  by  Weiss  and  Rudhardt  (8).  They 
intercalated  TiSg  with  hydrazine  and  aliphatic  amides 
and  observed  increases  of  several  angstroms  in  the 
interlayer  spacing  of  the  chalcogenide .  More  recent 
studies  show  that  a  variety  of  organic  molecules  inter¬ 
calate  layered  transition  metal  chalcogenides  ( 9-11 ) . 
The  organic  molecules  penetrate  the  interlayer  planes 
and  form  a  periodic  crystalline  structure.  In  addition 
to  increased  interplanar  spacing,  the  intercalated 
complexes  showed  enhancement  of  the  critical  super¬ 
conducting  temperature  (Tc)  above  that  observed  for  the 
unintercalated  chalcogenide. 

Tantalum  sulfide  crystallizes  in  several  polytypes 
which  are  characterized  by  layer-like  structures  in 
which  the  metal  atoms  are  located  between  alternate 
sulfur  layers.  The  bonds  forming  the  intraplanar 
layers  are  strong  (primarily  covalent)  bonds.  Each 
sulfur-tantalum-sulfur  layer  (interplanar)  is  bonded  to 
adjacent  layers  by  weak  van  der  Waals  attraction. 
Intercalation  (insertion)  of  atoms  or  molecules  between 
the  layers  occurs  by  cleavage  along  the  planes  which 
have  the  low  energy  interaction.  Figure  1  gives  a 
schematic  description  of  the  structure  of  the  layered 
transition  metal  chalcogenide  prior  to  intercalation 
where  M  is  the  transition  metal  atom  and  X  is  the 
chalcogen  atom.  Shown  are  three  intraplanar  layers 
separated  by  the  van  der  Wg.als  gap.  The  intraplanar 
layers  are  approximately  6a  thick  and  the  interlayer 
distanceobetween  transition  metal  atoms  is  approxi¬ 
mately  6A.  Upon  intercalation  of  the  organic  molecule. 
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the  van  der  Waals  gap  expands  as  schematically  repre¬ 
sented  in  Figure  2.  Table  1  shows  the  synthesis  con¬ 
ditions  and  parameters  for  some  previously  intercalated 
complexes  (9)*  The  interlayer  distance  for  the 
pyridine-TaSp  complexQ increases  ~6a  to  give  a  metal- 
metal  distance  of  -vl2A.  In  the  case  of  the  octa- 
decylamine-TaS^-  gomplex,  the  enhanced  interlayer 
distance  was  -v^OA  which  was  attributed  to  two  layers  of 
the  amine  oriented  end-to-end  and  perpendicular  to  the 
TaSp  planes  (Figure  3)«  In  general,  organic  molecules 
capable  of  intercalating  TaSp  are  Lewis  bases  contain¬ 
ing  an  sp3  or  sp2  hybridized  nitrogen. 

This  study  involves  intercalation  of  the  2H- 
polytype  of  tantalum  sulfide  (TaSp)  with  organic 
molecules  of  various  structures  to  form  complexes  with 
increased  interlayer  spacing  and  enhanced  critical 
superconducting  temperatures.  The  extent  of  inter- 
planar  layer  expansion  and  Tc  enhancement  varies  with 
the  particular  intercalate,  thus  allowing  possible 
chemical  control  of  Tc. 

Experimental 

The  powdered  tantalum  sulfide  was  placed  in  a  4mm 
pyrex  tube  with  the  liquid  intercalate  or  a  benzene 
solution  of  the  solid  intercalate.  The  tube  was 
evacuated  and  sealed  and  the  reactions  carried  out  in 
isothermal  baths  at  25,  100,  150  a.nd  200°.  Inter¬ 
calation  was  evident  when  the  volume  of  the 
chalcogenide  increased.  After  intercalation,  the 
excess  organic  reactants  were  removed  by  washing  with 
benzene  followed  by  drying  at  reduced  pressure. 
Supporting  evidence  for  intercalation  was  obtained  by 
powder  x-ray  diffraction  with  a  Guinier  camera  using 
CuKq  radiation.  The  critical  superconducting  tem¬ 
peratures  were  determined  on  powdered  complexes  by  AC 
susceptibility  measurements. 

Results  and  Discussion 


Several  mono-  and  disubstituted  amines  form 
complexes  with  TaSp  (Table  2).  In  general  the  amines 
which  intercalated  had  pKa  >  9>  Diethylamine  inter¬ 
calates  in  two  hours  at  ambient  temperatures  to  yield 
a  complex  with  an  interlayer  distance  increase  (a)  of 
3.69  A  and  an  onset  of  superconductivity  (TQ)  of 
3 . 0°K .  The  dibenzyl  amine  complex  was  superconducting 
at  2j7°K  and  the  interlayer  spacing  was  increased  by 
6.39A.  Piperidine  intercalates  TaSp  and  increases  the 
interlayer  distance  by  4.20$,  but  the  complex  is  not 
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TABLE  I 

SYNTHESIS  OF  ToS2  COMPLEXES 

TEMP.  CC)  TIME  (DAYS)  8(A)  T0  CK) 

ToSz  —  —  6.05  0.8 

200  1  581  3.5 

CHj-(CH2)i7-NHi  40  30  50  3.0 
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TABLE  2 

TQS2  -  AMINE  COMPLEXES 


SYNTHESIS 


INTERCALATE 

TEMP.  <*C> 

TIME  (DAYS) 

8<J) 

T„(*K) 

CHSCH2 

^N-H 

CHjCHg 

25 

2 

3.68 

3.0 

IjCH2CH2CH2 

^N-H 

IjCH2CH2CH2 

150 

3 

4.02 

ch2 

^N-H 

0-ch2 

150 

4 

6.39 

2.7 

Q-ch2-n^ 

H 

25 

2 

6.15 

2.4 

CM 

150 

3 

4.20 

NS 

jPn 

200 

8 

3.65 

1.8 
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superconducting  down  to  1°K.  2-Aminoanthracene  failed 
to  form  a  complex  even  at  200°  for  30  days.  This 
contrasts  with  the  intercalation  of  aniline  reported 
earlier.  The  inability  of  2-aminoanthrncene  to  inter¬ 
calate  may  be  related  to  a  lesser  capability  to  donate 
electrons  to  the  unfilled  metallic  bands. 

Substituted  hydrazines  readily  intercalate  the 
2H-polytype  of  TaSp  to  form  complexes  (Table  3)»  The 
electron  donor  ability  of  the  hydrazines  varies 
sufficiently  such  that  correlations  with  the  critical 
superconducting  temperature  can  be  made.  The 
charge  density  potentially  available  for  transfer  to 
the  unfilled  metallic  bands  is  related  to  the 
asymmetric  charge  distribution  represented  by  the 
quadrupole  moment  of  a  nucleus. 

Gamble  and  others  have  suggested  that  the  bonding 
of  electron  donors  in  intercalated  layered -trans ition- 
metal  chalcogenides  involves  some  charge  transfer  from 
the  intercalated  molecule  to  the  incompletely  filled 
bands  of  the  chalcogenide  (9,10).  Ehrenfreund,  Gossard 
and  Gamble  have  observed  an  alteration  in  the 
transition-metal  Knight  shift  and  electric  field 
gradient  which  indicates  that  occupancy  of  the  con¬ 
duction  band  is  changed  upon  intercalation  ( 12 ) . 
Transmission  spectra  (0. 4-5.0  eV)  of  layered  transition 
metal  chalcogenides  show  shifts  and  broadenings  upon 
intercalation  which  have  been  interpreted  in  terms  of 
increased  occupation  of  d  bands  (1_3) .  According  to  the 
Bardeen-Cooper-Schrieffer  theory  of  superconductivity, 
the  critical  superconducting  temperature  can  be  in¬ 
creased  by  electron  density  enhancement  at  the  Fermi 
level  (14) .  The  formation  of  intercalated  complexes 
from  intercalates  of  varying  electron  donor  ability 
appears  to  offer  a  method  of  enhancing  the  electron 
density  at  the  Fermi  level  thereby  increasing  the 
temperature  for  the  onset  of  superconductivity.  There 
appears  to  be  a  direct  correlation  between  the 
enhancement  of  the  superconducting  temperature  of  the 
hydrazine-TaSp  complexes  and  the  atomic-orbital 
occupation  numbers  of  the  unsubstituted  amino  nitrogen 
atoms  (Table  4).  The  occupation  numbers  are  from 
Sauer  and  Bray  and  were  determined  prior  to  inter¬ 
calation  (15).  The  occupation  number  (o)  was  derived 
from  nuclear  quadrupole  resonance  data  and  is  expressed 
as  the  difference  between  the  o-charge  densities  of  the 
nitrogen-hydrogen  and  nitrogen-nitrogen  bonds.  As  the 
occupation  numbers  increase  from  0.3429  to  0.3795,  the 
temperature  for  the  onset  of  superconductivity  species 
increases  from  2.0  to  4.9°K.  Interestingly,  there 
appears  to  be  no  correlation  between  T0  and  pKa  of  the 
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TABLE  3 

TQS2-  HYDRAZINE  COMPLEXES 


SYNTHESIS 


INTERCALATE 

TEMP.  <#C) 

TIME  (DAYS) 

S(A) 

T0CK) 

h2n-nh2 

25 

2  HOURS 

3.15 

4.9 

CHj 

XN-NH, 

/  C 

H 

25 

2  HOURS 

3.53 

3.3 

CH, 

^N— NHg 

ch5 

25 

2  HOURS 

3.53 

4.0 

os 

n-nh2 

H 

25 

2  HOURS 

3. 14 

2.0 

^N-NHj, 

ch3 

25 

100 

14 

5 

13.00,6.26 

6.26,4.08 

2.9 

2.9, 2.4 

CN_NH2 

25 

10 

3.14,1.66 

2.4, 1.8 

0  0 

I  II 

-C-NH-NH-C-H 

150 

5 

3.48,2.09 

2.5, 1.6 

TABLE  4 

CORRELATION  OF  PKo  .CHARGE  DENSITY  (ACT)  AND  THE 
TEMPERATURE  FOR  THE  ONSET  OF  SUPERCONDUCTIVITY  (To) 


INTERCALATE 

pKq 

Ao* 

TnCK) 

HjN-NHj 

7.93 

.3795 

4.9 

CHj 

^N-NHj 

7.21 

.3608 

4.0 

CHj 

CH  j 

NN-NH2 

/  c 

H 

7.87 

.3485 

3.3 

N— NH, 

/  ‘ 

H 

5.2 

.3429 

2.0 
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intercalate.  The  critical  superconducting  temperatures 
for  the  hydrazine,  1, 1-dimethylhydrazine  and 
methylhydrazine  complexes  are  4.9*  4.0  and  3>3°K* 
whereas  the  pKas  are  7-93*  7.21  and  7.87  respectively. 
This  has  been  observed  by  DiSalvo  for  amine-TaSg 
complexes  in  which  an  increase  in  pKa  may  produce  an 
increase  or  decrease  in  TQ.  This  is  confirmed  by 
nuclear  quadrupole  resonance  data  where  the 
electron  density  in  the  nonbonding  nitrogen  orbitals 
of  hydrazones  does  not  correlate  with  TQ  of  the 
intercalated  complexes.  Bray  and  Sauer  have  observed 
the  same  effect  for  pyridine-TaS2  complexes  ( 16 ) . 

The  correlation  of  nuclear  quadrupole  resonance 
derived  charge  densities  with  To  is  complicated  by  the 
formation  of  two  phase  complexes-complexes  which  have 
two  distinct  interlayer  distances.  For  example,  the 
complex  formed  between  TaS2  and  1-phenyl-l- 
methylhydrazinechas  interlayer  distance  increases  of 
13.00  and  6.26  A  and  the  Sauer  and  Bray  occupation 
number  for  the  hydrazine  is  O.388.  The  temperature 
for  the  onset  of  superconductivity  for  the  complex 
should  be  >  4.9°K,  but  the  transition  occurs  at  2.9°K. 

The  synthesis  condition,  interlayer  distance 
increase,  and  the  temperature  for  the  onset  of  super¬ 
conductivity  of  some  TaS2  amide  complexes  are  included 
in  Table  5.  The  intercalation  of  N-methylformamide 
under  various  reaction  conditions  produces  different 
complexes.  The  complex  formed  at  ^mbient  temperatures 
had  an  interlayer  spacing  of  3-65  A  and  T0  =  4.2°K. 

The  complex  formed  at  100°  had  an  interlayer  spacing 
of  3.00  A  and  was  superconducting  at  2.4°K.  If  the 
reaction  is  carried  out  at  90°  with  ultrasonic  mixing 
of  the  reactants,  the  interlayer  distance  increases  to 
n,50  $  and  the  complex  is  superconducting  at  2.7°K. 

This  evidence  supports  the  previous  observation  that 
there  is  no  correlation  between  the  interlayer  distance 
and  the  temperature  for  the  onset  of  superconductivity 
(9).  Di-n-butyl  formamide,  N-methylformanilide,  and 
diformylhydrazine  also  form  complexes  with  TaS2. 
Diformylhydrazine  formed  a  two  phase  complex  with 
interlayer  spacing  increases  of  3-48  and  2.09  A  and 
showed  two  transitions  for  the  onset  of  super¬ 
conductivity  at  2.5  and  1.6°K.  Interpretation  of  the 
results  of  the  amide  complexes  is  complicated  by  the 
tendency  of  these  molecules  to  decompose  under  the 
reaction  conditions.  Elemental  analysis  indicates  the 
possibility  of  the  intercalation  of  more  than  one 
specie  for  the  N-methylformamide  complex.  The  tendency 
of  amide  intercalates  to  decompose  has  previously  been 
observed  by  DiSalvo. 
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TABLE  5 

TQS2  -  AMIDE  COMPLEXES 


SYNTHESIS 


INTERCALATE 

TEMP.  CC) 

TIME  (DAYS) 

8(A) 

ToCO 

H  0 

1  II 

CHj-N-C-H 

25 

30  MINS. 

3.65 

4.2 

100 

14 

3.00 

2.4 

90 

14 

~50 

2.7 

ch3ch2ch2ch2  o 

^N-C-H 

150 

4 

3.97 

CH3CH2CH2CH2 

0  0 

II  II 

H-C-NH-NH-C-H 

150 

5 

3.48,2.09 

2.5.1.6 

CH.  0 

_  I  II 

0-N  — C-H  200  30  6.05 


TABLE  6 

TaS2  COMLEXES  EXHIBITING  TWO  PHASES 


SYNTHESIS 


INTERCALATE 

TEMP.  CC) 

TIME  (DAYS) 

8(2) 

ToCK) 

^.N-NHj 

25 

14 

13.00,6.26 

2.9 

ch3 

100 

5 

6.26,4.06 

2.9,2. 4 

H\  ,CH3 

N 

100 

30 

4.85 

2.7 

CH3CH20-P=0 

150 

30 

4.85,3.95 

2.7, 1.5 

0 

150 

60 

3.95 

1.5 

<|h2 

CHj 

ch3  ch3 

CH  ^ 

CHj  | 

)n-p=o 

100 

30 

13.63,7.58 

3.5 

CHj  CH3 
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The  preceding  paragraph  referred  to  the  formation 
of  a  two-phase  complex  between  TaS2  and  diformyl- 
hydrazine  in  which  the  complex  had  two  interlayer 
spacings  and  two  temperatures  for  the  onset  of  super¬ 
conductivity.  The  formation  of  two  phase  complexes 
appears  to  be  fairly  general  and  there  are  interesting 
relationships  between  a,  To,  and  reaction  conditions 
(Table  6).  Reaction  of  1-methyl-l-phenylhydrazine 
with  TaSg  at  ambient  temperatures  yielded  a  two-phase 
complgx  with  interlayer  distance  increases  of  13-00  and 
6.26  A  which  was  superconducting  at  2.9°K.  Reaction 
at  higher  temperatures  yielded  a  complex  in  which  the 
13-00  A  distance  disappeared  and  a  new  distance 
(4.08  A)  appeared.  The  6.26  A  interlayer  distance 
increase  was  present  in  both  complexes.  The  same 
appearance  and  disappearance  of  spacings  was  observed 
in  the  formation  of  diethyl  methylamidophosphate 
complexes.  The  complex  formed  at  100°  had  one  inter¬ 
layer  distance  of  4.85  &  and  one  temperature  for  the 
onset  of  superconductivity.  The  complex  formed  at  150° 
had  3-95  A  and  1.5°K  for  the  interlayer  distance 
increase  and  superconducting  transition,  respectively. 
At  intermediate  reaction  conditions,  the  complex 
formed  had  both  interlayer  distance  increases  and  both 
superconducting  transitions.  From  previous  results 
the  decrease  in  the  transition  temperature  with  a 
decrease  in  interlayer  spacing  cannot  be  attributed 
solely  to  the  interlayer  distance  change. 

It  seems  reasonable  that  the  increased  tempera¬ 
tures  and  reaction  times  allow  the  intercalate  to 
reach  an  equilibrium  orientation  where  electron 
donation  to  the  unfilled  metallic  bands  is  less 
efficient,  thereby  causing  a  decrease  in  the  transition 
temperature . 

Summary 

A  number  of  organic  intercalated  complexes  of  the 
2H-phase  of  TaS2  have  been  prepared  which  have  in¬ 
creased  interlayer  spacings  and  enhanced  critical 
superconducting  temperatures.  There  is  a  direct 
correlation  between  the  nuclear  quadrupole  resonance 
derived  charge  densities  of  the  intercalate  with  the 
enhanced  superconducting  temperatures  of  hydrazine 
complexes.  Some  organic  intercalates  form  two  phase 
complexes  which  may  have  one  or  two  temperatures  for 
the  onset  of  superconductivity. 
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Intermolecular  Magnetic  Exchange  Interactions  in 
Molecular  Crystals 

J.  M.  GROW  and  H.  H.  WICKMAN 
Oregon  State  University,  Corvallis,  Ore.  97331 


Abstract 


Intermolecular  exchange  interactions  have  been 
studied  in  a  representative,  homologous  series  of 
metal  complexes:  iron(III)  bis  (dithiocarbamates) . 
Several  of  these  molecular  crystals  exhibit  cooper¬ 
ative  magnetic  order  at  temperatures  below  approx¬ 
imately  4  °K.  Exchange  paths  include  weak  interact' 
ions  between  formally  non-bonded  molecular  units. 
The  magnetic  phenomena  are  sensitive  to  zero-field 
splittings  within  the  orbital-singlet,  spin-quartet 
ground  term  of  iron(III). 

Discussion 


Molecules  containing  a  single  paramagnetic  ion 
surrounded  by  bulky,  organic  ligands  often  form 
magnetically  dilute  molecular  crystal^.  For  metal- 
metal  distances  greater  than  about  7  A,  the  dipolar 
fields  are  significant  as  an  origin  of  magnetic  order 
only  at  temperatures  below  -0.01  °K.  Hence,  most  such 
metal  complexes  remain  simple  paramagnets  to  quite  low 
temperatures.  However,  several  homologues  of  the 
iron (III)  halo-bis-dithiocarbamates  order  magnetically 
at  temperatures  in  the  range  1-4  *K  (l_-3)  .  We 
summarize  here  certain  structural  or  crystallographic 
features  of  these  complexes  which  appear  to  be 
important  determinants  for  exchange  paths  in  these 
molecular  crystals.  In  addition,  we  note  that 
variable  ground  term  crystal  field  interactions  may 
enhance  or  depress  the  cooperative  transitions  for  a 
fixed  crystal  structure  or  set  of  exchange  paths. 

The  structural  formula  for  an  iron  (III)  bis-dtc 
is  given  in  Fig.  1.  Much  of  the  crystallographic 
information  on  bis-dtcs  has  been  reported  by  Hoskins, 
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Martin,  White,  and  co-workers  (£-£) .  For  example,  the 
dimensions  given  in  the  Figure  are  for  the  diethyl- 
chloro  derivative  (%  =  ethyl,  i=l,4;  X  =  Cl)  (5). 

The  iron (III)  is  situated  near  the  centroid  of  a 
rectangular  pyramid  whose  apex  may  be  occupied  by  a 
monovalent  anion  (halide,  SCN“,  etc.)  and  whose  base 
consists  of  2  pair  of  sulfur  atoms  from  the  dtc 
ligands.  This  symmetry  leads  to  an  orbital-singlet, 
spin-quartet  ground  term  (£)  .  The  four-fold  spin 
degeneracy  is  removed  by  spin-orbit  effects,  together 
with  metal-ligand  interactions  (7-8_)  ,  and  two  Kramers 
doublets,  separated  by  ~2  to  20  cm-1,  are  commonly 
observed  (9) . 

The  foregoing  level  structure  is  attractive  for 
magnetism  studies.  First,  the  low-symmetry  environ¬ 
ment  is  felt  within  the  S  =  3/2  manifold  as  a  second- 
rank  crystal  field  potential,  described  by  only  two 
spin-Hamiltonian  coefficients.  Second,  the  magnetic 
exchange  is  represented  by  an  isotropic  Heisenberg 
interaction,  owing  to  the  small  orbital  character  of 
the  ground  term.  These  interactions  often  turn  out 
to  be  small  compared  with  the  crystal  field  splittings; 
the  result  is  that  the  magnetic  properties  may  be 
discussed  within  a  single  ground  Kramers  doublet.  The 
well-known  Hamiltonian  for  the  spin-quartet  manifold 
is 


TC 


=  £{D[S|z-|s(S+l)]+E(S*x-S*y)}  -l 


(i,  j) 


2 J . .S. *S. . 
13  1  i 


(1) 


The  parameters  D  and  E  describe  the  crystal  field  and 
the  remaining  term  represents  magnetic  exchange. 

Both  ferromagnetic,  chloro-bis-diethyldtc  (3^)  , 
and  antiferromagnetic,  iodo-bis-diethyldtc  (3) , 
homologues  are  known.  The  transition  temperatures  are 
2.48  °K  and  1.9  °K,  respectively.  More  recently  we 
have  observed  cooperative  transitions  in  the  following 
complexes:  Fe  (morphylyldtc) 2 1 >  Fe (morphylyldtc) 2Br , 

Fe (morphylyldtc) 2C1,  Fe (pyrrolidyldtc) 2C1 , 

Fe (pyriolidyldtc) 2 I ,  and  Fe (pyridyldtc) 2C1.  In  these 
complexes,  the  magnetic  order  has  been  observed  by 
Mossbauer  spectroscopy  (1_,2_)  .  All  transitions  occur 
below  4  °K. 

Crystal  structure  data  provides  a  means  for 
identifying  exchange  paths  between  atoms  in  adjacent 
molecules.  Only  a  few  structures  have  been  reported, 
but  included  are  the  ferromagnetic  and  antiferro¬ 
magnetic  derivatives  mentioned  above  (5^—6^)  .  A 
detailed  discussion  of  the  orientations  of  the 
molecules  in  connection  with  exchange  paths  is 
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available  elsewhere  (3_,  15,(0  •  We  have  recently  obtained 
structural  information  on  the  SCN-bis-diethyldtc , 
bromo-bis-diethyldtc ,  and  isodo-bis-morpholyldtc- 
toluene  adduct.  The  latter  exhibits  a  magnetic  tran¬ 
sition  at  approximately  2  °K. 

The  following  picture  emerges  from  a  study  of  the 
structural  information.  As  expected,  iron-iron 
distances  in  all  complexes  are  in  excess  of  7  A.  In 
those  complexes  whose  structure  is  known  and  which 
show  a  magnetic  transition,  or  exchange  broadened  epr 
spectra,  there  exists  a  juxtaposition  of  molecules 
such  that  there  is  an  intermolecular  S**‘S  linkage. 

That  is,  we  may  write  the  intermolecular  interaction  as 
Fe-S»**S-Fe,  with  the  Fe-S  units  belonging  to  distinct 
molecules.  The  S***S  distance  is  typically  3.6  to 
4.5  A.  The  exchange  often  propagates  through  the 
lattice  in  rather  complicated  paths:  however,  simple 
dimer  interactions  may  also  occur.  Because  of  the 
packing  characteristics  of  the  particular  lattice 
determined  thus  far,  we  have  not  observed  molecules 
arranged  so  that  the  potential  strong  exchange  path 
Fe-X***Fe-X  is  favored.  We  have  also  not  observed 
packing  which  produces  sandwiched  dtc  ligands,  such  as 
overlapping  aromatic  ring  structures.  Our  pmr  shifts 
(3)  show  a  delocalization  of  the  iron  spin  density  to 
the  dtc  periphery,  but  the  major  delocalization  is  to 
the  immediate  iron  ligands.  This  is  of  course  con¬ 
sistent  with  the  Fe-S»**S-Fe  type  exchange  paths. 

It  is  interesting  that  the  existence  of  sub¬ 
stantial  exchange  interactions  is  a  necessary  but  not 
sufficient  condition  for  magnetic  order  in  the 
temperature  range  of  our  experiments,  T  >  1°K.  This 
may  be  seen  by  considering  the  effect  of  ground  Kramers 
level  anisotropies  on  the  collective  magnetic 
properties  of  the  complexes.  That  is,  we  consider  a 
situation  where  a  fixed  intermolecular  exchange  exists 
between  molecules  in  two  isomorphons  lattices.  The 
molecular  lattices  are  assumed  to  differ  only  in  the 
type  of  splitting  that  occurs  in  the  ground  S  =  3/2 
manifold.  In  Eq.  (1) ,  if  D  is  large  in  magnitude  and 
dominates  the  rhombic  crystal  field  and  the  exchange 
term,  we  may  rewrite  the  exchange  interaction  within 
the  ground  Kramers  doublet  using  an  effective  spin 
S  =  1/2  (low  temperature  approximation) .  This 
illustrates  the  magnetic  anisotropy  of  the  original 
|S  =  3/2,  M  =  ±  3/2 >  Kramers  doublet.  The  result  is 


Kj  =  ~2  l 

(i/  j ) 


9J.  .S.  S. 

1]  1Z  1Z 


(2) 
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This  is  the  usual  Ising  Hamiltonian  (E  is  neglected) . 
Upon  changing  the  sign  of  D,  but  maintaining  the 
relative  magnitudes  of  the  interactions,  the 
alternative  ground  doublet  yields  the  anisotropic 
Heisenberg  interaction 


Ka  =  -2 


A  A  A  A  A  A 

y  J.  . [S.  S .  +4 (S.  S .  +S .  S  .  ) ]  . 

(i/j)  13  12  32  1X  3X  1Y  3Y 


(3) 


It  is  easily  shown  (10)  that  in  the  molecular 
field  approximation  the  ratio  of  magnetic  transition 
temperatures  with  and  without  the  crystal  field  D 
term  (exchange  forces  constant) ,  is  given  by  the 
expression 


T  (D)/T  (0)  =  3  <Sz2>t  /S(S+1)  (4) 

i  c 

In  Eq.  (4) ,  <S  2>^  is  the  ionic  expectation  value  of 
Sz2  at  the  magfietiS  transition  temperature.  For 
D -*•+<»  and  our  low  temperature  approximation  with  H  , 
parallel  to  the  z-axis  of  Eqs.  (l)-(3),  the  ratioexc 
is 

T  (D)/T  (O)  =  1/5.  (5) 

c  c 

This  represents  a  depression  of  the  ordering  temper¬ 
ature  due  to  crystal  field  effects.  Conversely,  as 
D+-oo,  we  find 


Tc(D)/Tc(0)  =  9/5.  (6) 

Thus  the  transition  temperature  is  enhanced.  In 
either  case,  however,  the  crystal  field  induced 
anisotropies  are  important  factors  in  the  occurence 
of  magnetic  order  in  a  bis-dtc.  This  point  becomes 
important  when  it  is  necessary  to  assess  accurately 
the  magnitude  of  exchange  constants  in  Eq.  (1)  while 
working  with  systems  in  which  only  a  single  Kramers 
level  is  occupied  (3) . 

Ideally,  it  is  desirable  to  know  in  some  detail 
the  spatial  distribution  of  spin  density  in  the 
periphery  of  a  molecule,  since  this  in  large  measure 
dominates  intermolecular  exchange.  A  single,  static 
orientation  of  molecules  in  a  crystal  lattice  does 
not  provide  this  information.  Fortunately,  molecular 
crystals  often  exhibit  polymorphism  in  their  crystal 
habits,  or  they  may  form  several  solvent  adduct 
structures.  We  have  recently  found  that  such  is  the 
case  in  Fe (morphylyldtc) 2 I.  At  least  five  polymorphs 
and/or  solvent  adducts  have  been  isolated;  each 
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exhibits  somewhat  different  magnetic  properties. 
Determination  of  the  crystal  structures  is  in  progress. 
As  the  relative  orientations  of  molecules  are 
correlated  with  magnetic  properties,  we  expect  a 
further  extension  of  our  understanding  of  factors 
important  for  magnetic  exchange  in  Van  der  Waal  s' 
lattices . 
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Abstract.  The  computation  of  field-swept  epr  spectra  from  a 
physical  model  often  is  a  particular  problem  for  metal  systems 
having  large  interelectronic  interactions,  because  of  the  large 
field  range  covered.  This  contribution  points  out  that  theoret¬ 
ical  formulations  can  be  devised  specifically  for  this  purpose 
and  sketches  the  development  and  use  of  two  such  methods  -  one 
exact  and  one  approximate. 

1.  Introduction 


As  several  other  contributions  to  this  volume  attest,  elec¬ 
tron  paramagnetic  resonance  is  among  the  most  important  tools 
for  studying  electronic  interactions  between  metal  centers. 

Large  zero-field  splittings,  leading  to  epr  transitions  over  a 
wide  range  of  magnetic  field  in  the  typical  fixed-frequency 
spectrum,  characterize  many  high-spin  multicenter  systems.  In 
these  cases,  computation  of  predicted  epr  spectra  from  trial 
Hamiltonian  parameters  is  complicated  by  the  fact  that  the 
Hamiltonian  is  a  function  of  the  spectroscopic  sweep  variable, 
the  magnetic  field.  Suppose  all  the  Hamiltonian  parameters 
which  characterize  a  system  are  given.  Then  the  problem  is  to 
find  all  values  of  the  magnetic  field,  x,  such  that  two  eigen¬ 
values  of  the  Hamiltonian  differ  by  the  spectrometer  energy,  w. 

In  the  usual  case  of  linear  Zeeman  terms,  a  system  of  n  basis 
states  may  give  rise  to  as  many  as  n(n-l)/2  different  transition 
fields.  Although  the  two  energy  eigenvectors  associated  with 
each  transition  field  are  orthogonal,  neither  need  be  orthogonal 
to  any  of  the  other  nz-n-2  eigenvectors  involved  in  transitions 
at  the  other  fields.  Various  methods  to  treat  this  problem  are 
commonly  employed  (JJ.  One  example  is  construction  of  a  map  of 
energy  levels  as  functions  of  field  by  eigensystem  solution  on  a 
fine  magnetic  field  grid  (2_).  Another  is  the  conventional  per¬ 
turbation  treatment  in  which  the  magnetic  field  (or  field  shift) 
is  the  perturbation  parameter  and  the  energy  levels  and  thus  fre¬ 
quency  are  developed  as  power  series  in  the  field  (shift);  the 
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frequency  series  rust  be  terminated  and  the  correct  root  of  the 
polynomial  w(  x) -w  extracted  (.3,4).  While  all  these  methods  can 
be  made  to  work,  and  some  do  very  well  in  some  cases,  they  are 
generally  adapted  with  minimal  modification  from  techniques  ap¬ 
propriate  to  calculation  of  energy  levels  for  systems  charac¬ 
terized  by  fixed  Hamiltonians.  As  such,  one  might  expect  them  to 
be  generally  less  efficient  or  less  precise  and  direct  than 
methods  especially  developed  to  handle  the  fixed-frequency  field- 
swept  problem.  We  have  begun  to  look  into  the  possibility  of  de¬ 
vising  such  methods,  and  here  we  outline  two  of  them.  The  first, 
the  eigenfield  formulation  (_}_),  displays  all  the  transition 
fields  as  the  real  eigenvalues,  x,  of  a  generalized  eigenvalue 
equation  AZ=xBZ.  Section  2  discusses  the  eigenfield  technique 
briefly;  it  has  been  described  in  some  detail  recently  (jj  as  has 
its  application  to  time-dependent  s low-mot  ion  or  exciton  hopping 
problems  (5).  The  eigenfield  approach  is  exact  and  straightfor¬ 
ward  but  slow  for  problems  with  many  basis  states.  The  second 
method,  developed  in  Section  3,  is  a  perturbation  formulation  de¬ 
vised  to  predict  transition  fields. 

2,  Eigenfield  Equations  for  Exact  Calculation 

A  recent  paper  ( jj  describes  a  new  (generalized  eigensystem) 
formulation  for  exact  calculation  of  resonance  fields  and  inten¬ 
sities  for  a  molecule  or  lattice  site  described  by  a  time- 
independent  Hamiltonian  which  is  a  polynomial  function  of  field; 
it  also  describes  some  properties  of  this  formulation,  which  we 
call  the  eigenfield  equation.  The  eigenfield  concept  can  also  be 
used  to  facilitate  solution  of  relaxation  master  equations,  which 
provide  intensity  as  a  function  of  field  for  molecules  in  slow 
motion  or  for  exciton  hopping  among  lattice  sites  in  a  crystal 
(5).  Here,  we  restrict  our  discussion  to  a  simplified  develop¬ 
ment  of  the  static  eigenfield  equation  for  systems  with  linear 
Zeeman  terms  and  to  a  practical  application  to  a  system  of  inter¬ 
acting  transition  metal  ions.  As  we  shall  see,  the  eigenfield 
approach  is  very  attractive  because  it  is  a  direct,  straightfor¬ 
ward,  exact  method,  but  at  present  it  has  the  drawback  that  com¬ 
putation  time  increases  much  too  rapidly  with  the  number  of  basis 
states.  Accordingly,  until  better  numerical  techniques  are  de¬ 
veloped  for  computer  solution  of  the  eigenfield  equations,  the 
method  is  of  practical  use  only  for  systems  having  just  a  few 
(~10)  basis  states.  It  does  provide  resonance  fields  and  transi¬ 
tion  vectors  of  high  accuracy  which  we  have  employed  as  test 
standards  of  excellence  for  approximate  methods. 

2.1  Development  of  Eigenfield  Equation.  For  convenience, 
we  use  the  matrix  representation  throughout.  Matrix  operators, 
vectors,  and  scalars  are  distinguished  by  context,  not  by  special 
symbols.  The  Hamiltonian,  H,  for  the  problem  is  the  sum  of  two 
parts  —  a  zero-field  term,  F,  (exchange  coupling,  dipolar  and 
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pseudod i pol ar  coupling,  hyperfine  coupling,  etc.)  and  a  Zeeman 
term,  xG  (electronic  and  nuclear  Zeeman  energies).  Here  x  de¬ 
notes  the  magnitude  pf  the  magnetic  field.  For  example,  the 
coupling  of  two  Cr  1  11  ions  (  S=3/2)  may  be  described  by  a  sjjin- 
Ham i  1 1 ojn i 3 n  tH=F+xG  i n  wh i c h  F=D(  S  —5/ 2)  +$  12 •  tt*  |  2 

and  G=^e-g-S,  where  e  denotes  a  unit  vector  in  the  direction  of 
the  magnetic  field. 

Now  for  a  fixed  spectrometer  energy,  w,  resonance  lines  will 
only  occur  between  two  states,  u-»v,  when  the  following  two  condi¬ 
tions  are  satisfied  together: 


(F+xG-e)u=0  , 
(  F+xG-e-w) v=0 


That  is,  if  e  is  the  energy  of  the  lower  state,  e+w  must  be  the 
energy  of  the  upper  state.  The  two  coupled  equations  can  be 
converted  into  a  single  one  which  contains  only  one  eigenvalue, 
x,  by  means  of  outer-product  algebra.  The  outer  product,  A  ®  B, 
of  an  mXn  matrix  A  and  an  m'Xn1  matrix  B  is  an  mm'Xnn'  matrix: 

(A®B^i,i';k,k'=(A®B)m-i-m'+i',n'k-n'+k'^ikBi'k'-  The  OUter 
product  operation  has  the  following  useful  properties:  (1)  it  is 
associative;  (2)  A@B  is  Hermitian  if  and  only  if  A  and  B  are 
both  Hermit  ian;  and  (3)  (A  ®  B)(  C  ®  D)=(  AC)  ®  (  BD)  (6).  The  two 
equations  [2-1]  can  be  outer-multiplied  on  the  right  and  left, 
respectively,  by  Iv  and  Iu  (I  denotes  a  unit  matrix),  converted 
by  use  of  property  (3)  of  the  outer  product,  and  subtracted  to 
yield  the  eigenfield  equation: 


[2-2]  (  F0  I-I  ®  F+wI  0  I)(u  0  v)  =  x(  I  0G-G  ®  I)(u  0  v) 


2.2  Properties  of  Eigenfield  Equation.  Here  we  summarize 
some  of  the  more  important  properties  of  [2-2]  and  its  solutions; 
a  more  detailed  description  is  found  in  ref.  J_.  Equation  [2-2] 
is  a  generalized  eigenvalue  equation  of  the  form  AZ=xBZ,  where 
the  operators  A  and  B  are  Hermitian  matrices  of  order  n2  (for  H 
of  order  n)  and  the  eigenvectors,  Z,  are  transition  vectors  u®v 
of  dimension  n2.  Accordingly,  there  are  n2  eigenfield  values. 

The  form  of  B  insures  that  it  is  at  least  n-fold  singular;  there¬ 
fore,  n  of  the  eigenvalues  are  infinite.  They  correspond  to  un¬ 
realizable  transitions  from  an  energy  level  to  itself.  In  gen¬ 
eral,  if  the  eigenvalues  of  the  Zeeman  operator,  G,  are  grouped 
into  degenerate  sets,  B  wi 1 1  have  singularity  equal  to  the  sum 
of  squares  of  t hose  degeneracies  (Em2);  therefore  there  will  be 
(n2-Em2)  noninfinite  eigenfields  (J_).  Normally,  these  will 
occur  in  pairs  of  equal  magnitude  but  opposite  sign,  reflecting 
the  physical  fact  that  reversal  of  the  magnetic  field  direction 
does  not  change  the  resonance  spectrum  (cf.  ref.  J_  concerning 
the  time-reversal  symmetry  of  F  and  G).  Thus,  there  are 
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(n2-Zm2)/2  physically  distinct  transitions.  Moreover,  A  is  posi¬ 
tive-definite  (i.e.,  all  of  its  eigenvalues  are  greater  than  0) 
if  and  only  if  the  spectrometer  energy  is  greater  than  the  total 
span  of  the  zero-field  energy  levels.  Only  in  this  case  are  all 
eigenfield  values  guaranteed  to  be  real.  Obviously,  complex 
eigenfield  solutions,  like  the  infinite  ones,  are  physically 
spurious;  thus  there  actually  may  be  fewer  transitions  than 
(n2-Zm2)/2.  Intensities  are  readily  obtained  from  eigenfield 
transition  vectors  (JJ. 

2.3  Example  of  Eigenfield  Equation.  The  eigenfield  method 
yields  all  transition  fields  and  intensities  with  no  substantial 
difficulties;  it  is  effectively  automatic,  and  we  have  been  using 
it  routinely  for  small  problems  (e.g.,  triplet  states,  S=1 ; 
coupled  doublets  —  i.e.,  binuclear  Cu(II)  sites,  S|=S2=l/2; 
quartets,  S=3/2)  both  for  generation  of  fixed-orientation  spectra 
and  for  simulation  of  powder  spectra.  Since  the  work  and  storage 
requirements  increase  very  rapidly  with  size  of  basis  set,  the 
largest  problem  which  we  have  yet  handled  by  direct  solution  of 
the  eigenfield  equations  is  that  of  a  coupled  Cr+++-Cr+++  pair, 
for  which  F  and  G  are  16x16  matrices  and  A  and  B  consequently  are 
256x256  matrices.  That  will  be  the  example  described  here.  We 
take  two  identical  S=3/2  ions  on  the  z  axis  with  isotropic  Zeeman 
terms  and  axial  inter-  and  intra-  ion  zero-field  terms.  The  pair 
basis  set  can  be  constructed  as  the  outer  product  of  basis  sets 
for  the  two  S=3/2  particles,  and  the  16x16  pair  Hamiltonian  as 
the  outer  product  of  4x4  single-particle  factors.  Therefore,  we 
can  set  up  the  entire  problem  in  terms  of  4x4  matrices.  Our  ex¬ 
ample  is  as  follows: 

[2-3] 

F=D(  S22  ®  I+I  ®  Szz-2.5I  ®  I)+d(2Sz  ®  VSx  ®  Sx"Sy  ®  Sy} 

[2-4]  G=gf3( cos9[Sz  ®  I+I  ®  Sz]  +sin9[Sx  ®  I+I  ®  Sx] ) 

The  magnetic  field  is  in  the  xz  plane  at  an  angle  0  to  the  z 
axis.  Here  I  is  the  4x4  unit  matrix,  and  Sz  is  a  diagonal 

matrix  with  values  ( -3/2, -1/2, +1/2, +3/2) ,  and  S  and  S  are  as 
follows:  x  V 


[2-5] 

f  .  \ 

0/3  0  0 

0  / 3 

\ 

0  0 

S  =1/2 

/3  0  2  0 

•  s=£I 

V3  0 

2  0 

X 

0  2  0  /3 

^  0  0  /3  0^ 

y  2 

0-2  0/3 

0  0  V3  0 
k.  y 

Parameters  for  the  three  tests  at  9=1,5°,  51°,  and  88.5°  were 
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w/3=6802. 6523  gauss,  g=1.9759,  0/3=1006.25  gauss,  and  d/3= 

-107.74  gauss. 

Now  F  and  G  are  readily  (and  in  a  computer  program,  quite 
easily)  constructed,  as  are  A  and  B.  For  example,  the  first 
term  of  F  leads  to  a  diagonal  matrix  contribution  to  A, 

D(  Sz2  ®  I  ®  I  ®  I-I  ®  I  ®  Sz2  (x)  I) ,  its  diagonal  elements  being 
(0/4)  (64  9's,  128  I's,  64  9 '  sj  -  (D/4)  (16  repeats  of  the  pat¬ 
tern  4  9's,  8  1 's,  4  9's). 

Note  here  that  G  has  2  nondegenerate  eigenvalues  (+3g3),  2 
twofold  (+2g3),  2  threefold  (+93),  arid  1  fourfold  (0)  degenerate 
sets.  Thus  there  must  be  exactly  2+8+18+16=44  infinite  fields. 
The  computer  program  yielded  44  fields  between  3x10 17  and  3xlOl9in 
absolute  value.  In  no  case  was  the  computed  intensity  for  one  of 
these  'infinite-field'  transitions  as  great  as  10-28  (strongest 
line=l).  Also,  since  for  our  test  cases  D  and  d  are  sufficiently 
small  compared  with  w  ( w>| 9  D/ 2  j +| 9dl  )  so  that  F  is  positive- 
definite,  there  should  be  exactly  ( 256-44)/2=l 06  real  positive 
eigenfields  and  106  negative  images.  The  computer  results  also 
showed  this  feature,  with  the  plus-minus  pairs  generally  agree¬ 
ing  to  14  digits.  At  0=51°  the  106  eigenfields  ranged  from  404 
to  3716  gauss. 

A  useful  feature  of  the  eigenfield  program  is  that  it  pro¬ 
duces  field  values  and  intensities  for  all  lines  at  once.  Here, 
it  is  interesting  to  see  that  several  lines  are  predicted  in  the 
400-900  gauss  region  with  intensities  01  to  .03$  of  those  of 
the  most  strongly  allowed  lines  and  ~1 -3$  of  those  of  the  weaker 
lines  in  the  1000  gauss  region.  These  are  essentially  double¬ 
spin-flip  transitions  involving  excitation  of  one  ion  and  de¬ 
excitation  of  its  partner;  under  some  circumstances  they  could  be 
observed  experimentally  and  would  be  sensitive  to  the  intermolec- 
ular  coupling.  Most  approximation  methods  would  provide  only 
the  'normal'  lines,  with  the  result  that  experimentalists  might 
ignore  the  abnormal  ones  altogether. 

The  computer  program  used  to  solve  this  generalized  eigen¬ 
value  problem  was  written  by  A.  Sameh  and  C.  Chang  of  the  Uni¬ 
versity  of  Illinois'  Center  for  Advanced  Computation.  Their 
method  ("SQZ")  is  a  version  of  the  QZ  algorithm  of  Moler  and 
Stewart  (7_),  which  we  have  used  (JJ  for  smaller  problems.  The 
SQZ  algorithm  (8)  requires  that  A  and  B  both  be  real,  symmetric 
matrices  (with  one  of  them  positive  definite)  and  then  takes  ad¬ 
vantage  of  symmetry  to  generate  solutions  more  rapidly  (and  often 
more  accurately)  than  QZ.  Even  then,  the  example  discussed  here 
required  about  ten  minutes  of  processing  time  on  an  IBM  360/91 
computer,  whereas  a  system  of  two  coupled  ions  of  S=l/2  each 
would  require  only  a  small  fraction  of  a  second.  The  space  re¬ 
quirements  were  also  formidable,  the  example  given  requiring  more 
than  one  million  bytes.  The  reason  for  the  time  and  space  dif¬ 
ficulties  is  that  the  current  state  of  numerical  analysis  of  gen¬ 
eralized  eigenvalue  problems  is  as  yet  quite  primitive;  neither 
QZ  nor  SQZ  takes  any  advantage  of  the  sparseness  or  special  form 
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of  A  and  B.  Advent  of  a  numerical  method  which  does  so  will 
make  the  eigenfield  formulation  widely  practical  for  reasonably 
large  systems. 

A  measure  of  the  goodness  of  the  eigensystem  is  the  residu¬ 
al  R,  associated  with  each  eigenfield  x^.  The  program  calcu- 

max.[(A-xkB)Zk]  . 

lated  for  each  field  a  residual  Rk  =  JJa||  +  |  x  | — |  |  B |  |  ’  w^ere 

| | A| | smax^E  | A^  | ,  and  the  normalization  of  Zk  is  chosen  so  that 

0<Rk<l.  An  exact  solution  must  give  a  zero  residual,  and  a  good 

solution  cannot  give  a  large  residual.  The  residuals  were  all 
less  than  1 0~ 1  °,  many  of  them  less  than  10”  l7.  We  suggest  that 
these  residuals  could  be  calculated  to  check  on  accuracy  even 
when  some  other  method  (e.g.,  perturbation  technique)  is  used  to 
obtain  the  transition  fields  and  associated  vectors. 


5.  Frequency-Shift  Perturbation 

3. 1  Approach.  The  Hamiltonian,  H( x) ,  is  a  prescribed 
function  of  the  field,  x.  The  spectrometer  frequency,  w,  is 
given.  We  choose  a  starting  approximation  x°  and  find  the 
eigensystem  of  H(x°)  to  obtain  zero'th  order  states  of  origin 
and  termination,  u°  and  v°,  energies,  p,  and  v,  and  frequencies, 
w°=^-p,.  Then  we  regard  the  frequency  shifts,  fw£w- w°,  as  per¬ 
turbations.  That  is,  to  any  initially  calculated  frequency  we 
add  a  perturbation  X&w  where  X  is  a  perturbation  parameter  and 
develop  a  perturbation  series  for  the  field:  x=x°+Xx' +X2x"+.  . . 

As  in  the  standard  versions  of  perturbation  theory,  initial  de¬ 
generacies  cause  complications  and  must  be  handled  carefully. 

The  approach  described  here  allows  perturbations  in  other  parts 
of  the  Hamiltonian  —  for  example,  nuclear  hyperfine,  quadrupole, 
and  Zeeman  terms  --  to  be  treated  along  with  the  frequency  shift. 


3.2  Nondegenerate  Case.  As  before,  let  H=F+xG,  where  F  is 
the  zero-field  operator  and  G  the  Zeeman  operator.  Let  the  n'th 
prime  on  any  symbol  denote  its  n'th  order  contribution.  Then  the 
following  relations  hold. 


[3-1] 


H=£XnH^  ;  h0=F°+x°G °,  H 

H(n)=x(nWn-,) 


,=F'+x°G'+x'G 
G  1 ,  n^-2 


0 


Notice  that  we  have  assumed  F=F°+XF'  and  G=G°+\G';  higher  order 
terms  may  be  included  if  desired. 


[3-2]  Hu=euu  and  Hv=£vv;  £v-£u=w-(l -X)  6w 

[3-3]  u^Eu^X",  v=E  v(n)Xn 

n  n 
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[3-4]  e  =^+X.vt'+  E  XnJnl 

u  n>l 

[3-5]  e  =(vJ,4v/°)+X(u.,  +  £w)+  E  Xne(n) 

v  n>l 

The  difference  between  the  usual  sort  of  perturbation  treatment 
and  this  one  is  simply  that  here  we  let  x  have  corrections  to 
all  orders  as  forced  by  the  constraint  that  w  has  only  a  first 
order  correction,  while  normally  one  introduces  all  the  correc¬ 
tions  to  x  as  a  first-order  term,  thereby  causing  w  to  have  con¬ 
tributions  in  all  orders. 

Now  expansion  of  [3-2]  and  isolation  of  the  coefficient  of 
Xn  for  each  n  leads  to  the  following. 

(  H°-p,)u  '+{  H1  -p.'  )u°=0 

^3~6^  (  H°-p.-w°)  v'+(  H'  -p1 -&w)  v°=0 

(  H  °-p.)  u1 '+(  H 1  -p,' )  u '  +(  H" - e‘ ■)  u  °=0 
^ 3“7^  (  H°-p-w°)  v"+(  H  1  -yu'  -&w)  v'+{  H"-e")  v°=0 

In  general,  for  n>2,  we  have 

(H°-y,)u^n^+(H,-p.l)u^n“1U_E  (H(  j^-e^J^)u^  n'j)=0 

[3-8] 

(H0-vi-w°)v(n)+(H,-p.'-e>w)v(n"1)+  E  (H(  j)-e(j))v(n_j)=0 

j=2 

Each  order  is  represented  by  a  coupled  pair  of  equations. 
Taking  the  inner  product  of  the  first  equation  in  each  pair  with 
u°  and  the  second  with  v°,  subtracting,  and  rearranging  with  the 
aid  of  [3-1],  provide  equations  for  the  successive  corrections  to 

the  field.  For  convenience,  we  let  (  u^  , u°)  =(  v^  nl ,  v°)  =  &no. 

[3-9]  x‘=[  £w+(  F'  -F‘  )  +x°(  G 1  -G'  )  ] /( G 0  -G 0  ) 

1  J  '  uu  vv7  '  uu  vv7  vv  uu 


[3-10] 


F'll',.-F'v-v+x0(G'..'n-G'v'v)4*,(G0U'u-G0v'v-tC,UU-G'w^ 


(G°  -G°  ) 

'  VV  UU 


etc.  Here  we  use  the  condensed  notation  ( u 1 , Gu °) =Gu ,  ,  etc. 

The  complete  prescription  for  a  perturbation  solution  is  now 
clear.  One  first  calculates  (  u °, v°, y, w°,  6w)  by  exact  diagonal i 
zation  of  H°.  Then  one  finds  x‘  by  [3-9],  p,1  from  one  of  the 
equations  which  is  a  precursor  to  [3-9],  and  u1  and  v1  from 
[3-6].  The  process  can  continue  to  any  order.  It  is  also  pos¬ 
sible,  as  in  the  standard  perturbation  developments,  to  derive 
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the  first  2n+1  corrections  to  the  eigenfield  from  the  first  n 
corrections  to  the  eigenvectors. 

A  good  strategy  of  calculation  is  to  work  in  the  basis  in 
which  H°  is  diagonal;  then  many  of  the  relationships  take  a  sim¬ 
ple  form.  In  our  first  programs  using  frequency-shift  perturba¬ 
tions,  we  start  by  applying  to  all  matrices  in  the  problem  the 
similarity  transformation  which  diagonalizes  H°.  From  this 
point  until  the  end  (where  eigenvectors  are  transformed  back  into 
the  original  basis  for  output)  we  work  in  this  basis  and  find 
that  the  programs  thereby  can  be  made  very  economical.  We  have 
programmed  the  method  up  to  fourth  order  in  values  and  third 
order  in  vectors. 


3.3  Example  of  Frequency  -  Shift  Perturbation  and  Compari¬ 
son  with  Eigenfield  Results.  We  have  used  a } frequency-shi ft 
perturbation  program  to  analyze  the  Cr+++-Cr  pair  spectra  de¬ 
scribed  in  the  next  paper  in  this  volume  (9).  The  eigenfield 
examples  described  in  Section  2.3  provided  standards  of  compari¬ 
son  for  the  frequency-shift  perturbation  program.  For  these 
studies,  only  the  frequency  shift  was  taken  as  the  perturba¬ 
tion  —  i.e. ,  F'=G'=0.  No  actual  degeneracies  of  H°  caused 
trouble.  The  diagonal izat ions  of  H°  used  the  widely  available 
EISPAC  matrix  eigenvalue  package.  Generally,  the  perturbation 
program,  up  through  fourth-order  field  corrections,  requires 
only  about  1$  of  the  processing  time  expended  by  the  eigenfield 
program,  and  it  can  be  made  more  efficient.  It  also  requires 
only  a  fraction  (~10$)  of  the  storage  space  used  by  the  eigen¬ 
field  program. 

For  the  most  part,  agreement  between  the  exact  (eigenfield) 
and  the  perturbation  fields  was  good  to  6,  7,  or  8  significant 
digits  (i.e.,  the  differences  were~10"5  gauss  or  less).  A 
typical  result  is  given  below;  0=51°: 


x°=l  022.  94 ,  x1  =59.  5029,  x"=-0.  1604,  x1"  =0.  0066,  x""=-0.  0003 
x=l 082. 288879.  (Compare  exact=l 082. 288891 ) 
Intensity:  0.1013  (Compare  exact=0. 1 01 3) 

Final  vectors  (all  in  agreement  with  the  exact  result  to 
the  four  places  printed): 

u=(  .0720,  .0672,  .1350,  . 2371,  .  0672, -. 0938, -. 1747, -.4974, 
.1350,-1747,  .1826,  .3233,  .  2371 ,-. 4974 ,  .  3233, -. 1 728) 

v=(  .0026,  .0086,  .0256,  .0612,  .0086,  .0259,  .0707,  .1571, 
.0256,  .0707,  .1812,  .3827, .0612,  .1571,  .3827,  .7780) 


In  almost  all  cases,  the  results  could  be  improved  by  a 
very  simple,  rapid  extrapolation  of  the  third  and  fourth  order 
field  corrections  toward  infinite  order.  The  idea  behind  the 
extrapolation  is  that  the  successive  perturbations  may  approxi- 

where  r  is  nearly 


mate  a  geometric  sequence,  i.e.,  x 


=  rx 
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constant  for  j>3.  By  taking  x""/x"1  to  be  this  ratio,  the  per¬ 
turbation  series  x^ +x^ +. . .  sums  to  (x"H) */( x1"  -x"") .  Some 
examples  follow: 

Eox^j) =1022, 94+ 173. 0747-2. 0890+0. 73 14-0. 22 16=1 194. 4355 
x( extrapolated) =1 194. 4870  x( exact) =1194.4857. 

£‘x^)  =1022. 94+97.  7430-0.  6986+0. 09 15-0. 01 57=1  120.0602 
x( ex trapola  ted) =1  120. 0625  x( exact) =1 120.0626. 

=1022. 940+407. 033+3.  63 5-  15.  536+10.061  =  1428.  133 
x( extrapolated) =1424. 178  x( exact) =1 425. 149. 

The  last  case  in  the  previous  paragraph  illustrates  a  slow- 
convergence  problem  which  occurred  occasionally  and  which  was  in  a 
few  cases  manifested  by  divergence  of  the  perturbation  series. 
These  cases  occurred  when  the  character  of  one  or  both  of  the 
state  vectors  involved  in  a  transition  was  changing  very  rapidly 
with  field,  so  that  the  range  of  convergence  of  the  perturbation 
method  was  pathologically  small  --  i.e.,  only  a  small  6w  could 
be  tolerated.  This  tends  to  happen  close  to  the  crossing  point 
of  two  interacting  states.  We  suffer  no  severe  difficulties 
from  this  problem,  because  it  is  easy  to  recognize  such  cases 
and  to  correct  them  by  trying  a  new  x°.  However,  for  a  practi¬ 
cal  self-contained  program,  one  would  need  to  devise  an  algo¬ 
rithm  for  automatic  recognition  and  adjustment.  Incidentally,  in 
the  pathological  cases  the  vectors  and  intensities  are  far  worse 
than  the  fields.  As  expected,  here  the  approximate  method, 
though  faster,  is  much  less  foolproof  than  the  exact  (eigen- 
field)  method. 

In  some  cases,  the  same  transition  was  computed  starting 
from  two  or  three  rather  distant  values  of  x°.  In  most  cases, 
the  agreement  was  reasonable.  Of  course,  large  field  shifts  from 
x°  produced  less  accurate  results  than  small  shifts,  the  patho¬ 
logical  cases  mentioned  above  excepted.  Some  comparisons  follow: 
For  0=88.5°,  x( exact) =2858. 5430,  i ntens i ty=l . 0007.  Three  pertur¬ 
bation  trials  from  different  starting  fields  produced 

Zox^ J’ )  =2200+655.  8418+3.  7346-  1 . 3842+0. 4590=2858.  6512 
x( ex trapola  ted) =2858.  5269  ;  I ntens i ty=0. 9985 

Zox^ J' )  =2900-41 . 4622+0. 0051+0. 000 1+0. 0000=2858.  5430 
x( ex trapola  ted) =2858. 5430 ;  I ntens i ty=l .0000 

Zox^J'^  =3600- 742. 398  1+0.  6875+0.  1904+0.0483=2858.5281 
x( ex trapola ted) =2858. 5445;  I ntens ity=0. 9990 

All  the  third-order  vectors  agreed  to  within  a  few  parts  in  the 
fourth  decimal  place  for  each  vector  component;  in  each  case  the 
transition  arose  from  the  5th-»10th  levels  of  the  starting 
Hami 1 tonian. 
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3.4  Degenerate  States.  Suppose  that  a  field  position  must 
be  computed  from  an  initially  Regenerate  set  of  transitions. 
Consider  {  U| ,. . . ,  u  }-•[  V| , . . .  ,v  },  where  the  set  {u0}  is  a  p-fold 

degenerate  set  of  eigenstates  of  H°  and  [v°]  a  q-fold  set. 


There  are  several  ways  to  proceed.  Normally,  a  degenerate  per¬ 
turbation  treatment  would  call  for  d iagona 1 ? zat ion  of  H*  within 
degenerate  blocks  of  H°.  However,  that  is  not  always  possible 
here,  a  priori,  because  H'  is  F'+x0G,+xlG°,  in  which  x1  is  not 
yet  known.  The  desired  separation  can  be  obtained  by  diagonal¬ 
izing  both  the  fu0}  and  the  {v0}  sub-blocks  of  F'+x°Gl  and  then 
diagonalizing  G°  within  any  remaining  degenerate  blocks.  If  any 
degeneracies  persist,  they  must  be  attended  to  in  higher  order. 

An  alternative  for  degenerate  zeroith-order  states  leads  to  a 
small  eigenfield  problem.  Beginning  with  [3-11],  one  gets  the 
following  pair  of  first-order  equations  analogous  to  those  for 
the  nondegenerate  case. 


[3-12] 


E.b  .(  H  '-p,1 )  u .+(  H°-p)  u  '=0 

c.  (  H  ,-p.'-6w)Vj+(  H°-p-w°) v'=0 


Taking  the  inner  product  of  the  first  equation  with  uk  on  the 
left,  and  the  second  by  v£,  and  denoting  the  submatrices  of  H1 

within  the  { u°]  and  [v°]  blocks  as  hU  and  hV  and  the  vectors  of 
coefficients  b.  and  c.  as  b  and  c  respectively,  we  get  the  fol¬ 
lowing  matrix  equations. 


[3-13]  (h%'Iu)b=0;  (hv-(p'+6w)Iv)c=0 

(Here  Iu  denotes  the  unit  matrix  having  the  same  order  as  hu  — 

i.e. ,  p. )  Applying  (x)IVc  to  the  first  and  IUb  (x)  to  the  second 
of  these  equations  and  subtracting  yields  [3-14]  . 


[3-14]  (hU®  IV-IU®  hV+6wIU®  IV)(b®  c)  =0 

The  form  of  hu  is  now  fu+x'gU,  where  fU  and  gU  are  submatrices 
within  the  [u°]  block  of  F,+x°GI  and  G°,  respectively.  Thus 
[3-14]  can  be  rearranged  to  [3-15], 


[3-15] 

(  fu  ®  IV-IU  ®  fv+6wlu  ®  IV){  b  ®  c)=x'(  lu  ®  gV-gU  0  IV)(  t>  0  c) 

This  is  a  small  eigenfield  equation  based  on  the  transitions 
from  the  [u°]  to  [v°]  blocks;  the  eigenfields  are  the  first-order 
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transition  fields  for  these  transitions,  and  the  eigenvectors 
are  the  correct  zero'th  order  transition  vectors. 
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Multisite  Magnetic  Interactions  in  Hexaurea- 
Metal(III)  Halide  Lattices 

PHILLIP  H.  DAVIS  and  R.  L.  BELFORD 
University  of  Illinois,  Urbana,  Ill.  61801 


Introduct ion 


X-ray  crystallographic  studies  carried  out  in  our  laboratory 
and  others  on  a  number  of  salts  of  the  type  M(urea)6Xj,  where  M  = 
Al,  Ti,  V,  Cr,  or  Fe  and  X  =  halide  or  perchlorate,  have  shown 
them  to  be  isomorphous  ( 1 -7 ) .  Furthermore,  where  complete  x-ray 
structure  determinations  were  done,  the  molecular  geometries  of 
the  various  M(urea)63+  complex  ions  were  found  to  be  virtually 
identical  ( 2-7) .  The  crystal  structure  is  such  as  to  suggest  the 
possibility  of  observing  weak  one-dimensional  interactions  be¬ 
tween  the  metal  ions  which  occur  in  infinite  linear  chains  paral¬ 
lel  to  the  crystallographic  £-axis.  The  existence  of  the  iso¬ 
morphous  series  provides  an  opportunity  for  a  variety  of  compara¬ 
tive  studies.  For  example,  by  varying  the  concentration  of  the 
paramagnetic  species  in  binary  systems  involving  one  of  the  para¬ 
magnetic  ions  doped  into  one  of  the  diamagnetic  aluminum  salts, 
it  would  be  possible  to  vary  the  effective  length  of  the  chain 
along  which  interactions  might  take  place.  Also  of  interest  are 
studies  of  interactions  among  different  paramagnetic  ions  in 
binary  and  ternary  systems  (£-2..  Cr : T i (  urea)  6*3  and 
Cr:Ti : A 1  (  urea) aX3) . 

Structural  Background 

The  above  salts  crystallize  in  the  trigonal  (  rhombohedral) 
space  group  R3C  with  approximate  unit  cell  parameters  a  =  17.5a 
and  £  =  14. 0A.  Table  I  provides  a  comparison  of  unit  cell 
parameters  for  the  various  salts. 

The  basic  structure  of  the  complex  ion  is  shown  in  Figure  1. 
Each  triply  primitive  unit  cell  contains  six  formula  units.  The 
metal  atoms  occupy  the  six-fold  set  of  special  positions  £  of  32 
symmetry.  While  the  complex  is  thus  crystal lographical ly  con¬ 
strained  to  possess  Dj  symmetry,  the  coordination  polyhedron  is 
very  nearly  a  regular  octahedron.  Two  types  of  distortion  of  an 
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Comparative  Unit  Cell 

Table  I 

Parameters  for 

Salts  M(urea) 

*x3 

Compound 

a  (A) 

£  (A) 

Ref. 

A 1 ( urea) 6I3 

17. 539(  3) 

13.  855(  8) 

6 

Ti(  urea)  6I3 

17.67(2) 

14.  15(  2) 

3 

Ti(urea)6(C104)3  (300°K) 

18.  132(5) 

14.  149(  5) 

4 

Ti(urea)6(C104)  3  (90°K) 

17.57 

13.  84 

5 

Cr(  urea)  61 3 

17.53 

13.  87 

6 

V(urea)6I3  (300°K) 

17.49(2) 

14.  3  8(  3) 

7 

V(  urea)  6I3  (90°K) 

16.  74(  3) 

14.  22(  3) 

7 

aWhere  known,  estimated  standard  deviation  in  last  signifi¬ 
cant  digit  given  in  parentheses. 


octahedron  are  possible  which  maintain  at  least  D3  symmetry.  The 
first  involves  the  compression  or  elongation  of  the  octahedron 
along  a  three-fold  axis  and  is  manifested  in  a  deviation  of  the 
angle  (commonly  denoted  9)  between  an  M-0  bond  and  the  three-fold 
axis  from  the  octahedral  value  of  54.74°.  The  second  distortion 
involves  a  twisting  about  the  three-fold  axis  of  opposite  faces  of 
the  octahedron  resulting  in  a  deviation  from  60°  of  the  angle 
(usually  denoted  C£)  between  projections  onto  the  plane  of  the 
metal  atom  of  successive  M-0  bonds.  Distortions  of  the  former 
type  are  virtually  absent  in  these  complexes  (note,  however,  that 
the  symmetry  of  the  electron  distribution  about  the  metal  atom 
may  differ  significantly  from  that  of  the  positions  of  the  atomic 
centers  of  the  coordinating  atoms),  while  those  of  the  latter  type 
are  small  but  significant.  The  chief  observable  difference  in 
molecular  structure  among  the  various  M(urea)63+  ions  lies  in  the 
M-0  bond  length,  which  ranges  from  1.88A  in  the  A1  complex  to 
2.04a  in  the  Ti  complex  (perchlorate  salt).  Table  II  lists  com¬ 
parative  values  of  the  M-0  bond  length  and  distortions  from  octa¬ 
hedral  geometry  for  these  complexes. 

In  the  crystal  the  complex  ions  form  infinite  linear  chains 
along  the  three-fold  axis  (crystallographic  £-axis).  Successive 
ions  are  related  by  an  inversion  center  and  the  separation  between 
metal  atoms  is  equal  to  one-half  of  the  £-axial  length.  Each  such 
chain  is  ‘insulated1  from  its  neighbors  by  six  chains  of  anions. 
The  ions  forming  each  of  the  latter  chains  are  related  by  a  three¬ 
fold  screw  operation  (hence  the  vertical  separation  between  ions 
is  equal  to  one-third  of  the  £-axial  repeat).  The  chains  are  very 
nearly  linear,  the  ions  being  located  very  close  to  the  axis  of 
rotation.  The  entire  structure  is  held  together  by  a  three- 
dimensional  network  of  hydrogen  bonds  involving  shared  halide 
ions,  but  there  are  no  direct  hydrogen  bonds  between  successive 
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Table  II 

Comparison  of  Molecular  Geometries  for  Salts  M(urea)4X3a 


Compound 

M-0  (A) 

0 

( degrees) b 

ftp 

( deg  rees) C 

Ref. 

Al( urea) 4I3 

1.  883(4) 

55.  1(3) 

6.4 

6 

Ti( urea) 6I3 

2.014(5) 

55.  5(  3) 

5.5 

3 

Ti(urea)4(  C104)  (300°K) 

2.04(  1) 

55.4 

5.0 

4 

Ti( u rea)  4(  Cl  04 ) 3  (90°K) 

2.00 

55.  1 

5.0 

5 

V( urea) 4I3  (300°K) 

1.98(2) 

55.  3(7) 

7.0 

7 

V(urea)4I3  (90°K) 

1.93(1) 

53.5(2) 

7.0 

7 

aWhere  known,  estimated  standard  deviation  in  last  significant 
digit  given  in  parentheses. 

Octahedral  geometry  requires  9_  =  54.74°. 


CDeviation  plus  and  minus  from  octahedral  =  60°. 

M(urea)43+  units  or  between  the  chains  of  these  ions.  Figure  2 
illustrates  the  manner  in  which  the  ions  are  packed  in  the 
crystal . 

The  crystal  structure  of  V(urea)4l3  has  been  determined  at 
both  room  temperature  and  at  about  90°K  (7).  On  going  to  the 
lower  temperature,  the  unit  cell  undergoes  a  small  anisotropic 
contraction  (see  Table  I).  This  is  accompanied  by  small  changes 
in  the  coordination  geometry,  notably  a  decrease  of  0.  05A  in  the 
V- 0  bond  length  and  an  elongation  of  the  coordination  polyhedron 
along  the  three-fold  axis,  decreasing  8_  from  55.3°  to  53.5°.  The 
structure  of  Ti(  urea)  4(  Cl  04)  3  likewise  has  been  determined  at 
high  and  low  temperature  (4_,5).  The  changes  in  structure  were 
parallel  in  nature  to  those  for  V(urea)4I3  (see  Tables  I  and  II), 
although  matters  were  complicated  by  an  observed  disordering  of 
the  perchlorate  ions. 

Interactions  in  Cr(urea)4X3 

The  failure  to  recognize  the  presence  of  interionic  interac¬ 
tions  appears  to  have  been  responsible  for  the  incorrect  inter¬ 
pretation  of  the  electron  paramagnetic  resonance  ( epr)  spectrum 
of  Cr(urea)4Cl3  in  a  previous  paper  (8).  For  a  Cr3+  ion  in  an 
axially  symmetric  environment,  the  epr  spectrum  is  usually  fitted 
to  a  spin  Hamiltonian  of  the  form 

K  =  9|  +  9Le(HxSx+HySy)  +  D[Sz2-_S(S+l)/3]  Q) 

evaluated  for  S_  =  3/2.  From  such  a  Hamiltonian  one  predicts 
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three  allowed  ( AMg  =  +1)  transitions  occurring  at  fields  hv/g0 

and  (hv+2j))/g3  when  the  magnetic  field  is  in  the  z_  direction  and 
at  approximately  hv/g$  and  (hv+Q)/g3  when  the  magnetic  field  is 
anywhere  in  the  plane.  Figure  3  shows  the  epr  spectrum  of 
Cr( urea) $C1 j  powder  as  well  as  spectra  of  a  single  crystal  of 
this  compound  at  several  orientations.  Clearly  the  single  crys¬ 
tal  spectra  are  not  consistent  with  the  above  Hamiltonian,  yet 
when  averaged  over  all  possible  orientations  they  give  a  powder 
spectrum  which  is  similar  in  overall  appearance  to  that  which 
would  be  expected  for  Hamiltonian  (Ij  (albeit  poorly  resolved). 
Interpreting  the  powder  spectrum  on  this  basis  and  assuming  that 
the  shoulders  extend  to  the  ext rema  (dH/d0  =  O)associated  with  the 
parallel  field  position,  one  calculates  values  of  g  =  1.98  and 
D  =  277xl0"4  cm-1  in  agreement  with  those  previously  reported  (8). 

When  Cr(urea)<53+  is  present  to  the  extent  of  a  few  mole-$  in 
the  Al(urea)6I3  lattice,  the  principal  features  of  the  epr  spec¬ 
trum,  including  not  only  the  angular  dependence  of  the  resonance 
field  positions  of  the  allowed  transitions  but  also  that  of  the 
formally  forbidden  AM  =  +2, +3  transitions  which  are  predicted  to 
have  observable  intenlity  when  the  magnetic  field  is  approxi¬ 
mately  mid-way  between  the  z_-axis  and  the  x%_  plane,  are  ade¬ 
quately  described  by  the  Hamiltonian  (  lj  with  g  j  j  =  gj.  =  1.9752 

and  D  =  483.4xl0-4  cm-1  (we  also  observe  hyperfine  coupling  to 
the  9$  abundant  Cr53  isotope  [I  =  3/2]  with  a  nearly  isotropic 
coupling  constant  A  ~  18. 7x1 0"T  cm"1).  However,  even  here  addi¬ 
tional  features,  whose  intensity  increased  with  increased  Cr3+ 
concentration,  were  observed  (see  Figure  4).  We  attribute  the. 
majority  of  these  lines  to  pairwise  interactions  between  Cr3+  ions 
occupying  adjacent  sites  along  the  c^-axis  of  the  host  lattice. 

The  general  spin  Hamiltonian  for  a  coupled  pair  of  Cr3  ions 
may  be  written  (except  for  a  usually  small  biquadratic  exchange 
term,  j(S,-S2)2) 

M  =  9|  1 8HZ(  S.«z+S^z)  +  [H^  Sjx+S.2x)+iiy,(liy+.S2y)}  + 

D(S,z2+S2z2-  2")  +  d  [  2Sjz  S^2z  -(  Sj  x§.2x+§.iy— 2y)  1  +  J— i '  — 2  (  =) 

In  all  of  our  calculations  on  this  system  we  have  assumed  that  _g 
and  J)  have  the  same  values  in  the  interacting  pair  as  in  the  iso¬ 
lated  ion,  although  especially,  which  is  a  measure  of  the  dis¬ 
tortion  of  the  complex  ion  from  octahedral  geometry,  might  well 
be  different  for  the  pair.  Employing  the  above  Hamiltonian,  cal¬ 
culations  of  the  type  described  in  the  preceding  paper  predict  a 
spectrum  composed  of  eighteen  predominant  lines  -  three  groups  of 
six,  each  group  roughly  centered  about  one  of  the  three  allowed 
lines  of  the  isolated  ion  spectrum  (which  fields  form  convenient 
zero'th  order  approximations  for  the  perturbation  calculations). 
Because  the  lines  are  narrower  and  we  can  measure  their  positions 
with  greater  certainty,  we  have  concentrated  our  efforts  on  trying 
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Figure  2.  Packing  in  the 
M(iirea),,X:  lattice.  Num¬ 
bers  indicate  the  7.-coor di- 
nates  (in  1/12-ths  of  the  c- 
axial  length)  of  the  metal 
and  halogen  atoms.  Di¬ 
rectly  above  and  below 
each  complex  ion  is  an¬ 
other  related  by  an  inver¬ 
sion  center  to  the  one 
shown. 


Figure  3.  X-band  epr  spectrum  of  Cr(urea)rjCl:  powder  and  of  single  crystal  at  sev¬ 
eral  orientations.  For  reference,  arrow  indicates  position  of  dpph  resonance. 
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(a ) 


! 

I 


Figure  4.  Concentration  dependence  of  X-band  epr  spectrum  of  Cr- 
( urea )a3':  (a)  - —  1%  Cr  in  Al( urea),-!:,  (b)  —  25%  Cr  in  Al(urea),,!.,,  and 
(c)  Cr(urea)J.,.  For  all  spectra  the  magnetic  field  is  directed  along  the 
z -axis.  Sharp  spike  near  the  center  of  each  spectrum  is  due  to  dpph  used 
as  an  internal  standard. 


57 


In  Extended  Interactions  between  Metal  Ions;  Interrante,  L.: 

ACS  Symposium  Series;  American  Chemical  Society:  Washington,  DC,  1974. 


58 


EXTENDED  INTERACTIONS  BETWEEN  METAL  IONS 


to  fit  the  observed  positions  and  spacings  of  the  middle  set  of 
six  lines  which  occur  in  the  neighborhood  of  3300  gauss  at  x-band 
(9.1  GHz).  Likewise,  because  the  various  spectral  features,  both 
those  due  to  isolated  ions  and  those  due  to  coupled  ions,  are 
better  separated  there,  the  initial  fitting  was  done  for  cases  in 
which  the  magnetic  field  direction  was  close  to  the  z_-axis. 

The  simplest  reasonable  model  for  the  coupling  between  two 
ions  is  that  of  two  magnetic  dipoles  interacting  through  space 
(£  4  0,  £  =  0  in  (2)).  If  the  z_-direction  is  taken  to  be  along 
the  interionic  vector  jr,  expansion  of  the  classical  spin  Hamil¬ 
tonian  for  a  through-space  dipole-dipole  coupling 


and  comparison  with  the  form  of  the  interaction  term  in  (2)  allows 
the  identification  d  =  — g z3 2< 1 / r 3>  to  be  made.  Taking  as~the 
value  of  r  the  crystal lographical ly  observed  metal-metal  separa¬ 
tion,  we  calculate  d  =  -50. 75xl0-4  cm-1. 

We  note  at  this  point  that  the  above  physical  reasoning  im¬ 
plies  that  £  is  negative.  The  intraionic  zero  field  splitting 
parameter,  D,  is  also  a  signed  quantity,  but  the  ordinary  epr  ex¬ 
periment  permits  only  the  determination  of  its  magnitude.  Be¬ 
cause  of  the  interaction  of  the  various  zero  field  splitting 
terms,  the  positions  and  spacings  of  lines  in  the  spectrum  of  the 
coupled  ions  depend  on  both  the  magnitudes  and  relative  signs  of 
the  interionic  interaction  parameters  cl  and  J_  and  the  intraionic 
interaction  parameter,  D.  Knowledge  of  the  sign  of  id  should 
thus  enable  us  to  determine  the  signs  of  £  and  J_. 

A  comparison  of  observed  spectral  features  with  those  cal¬ 
culated  for  a  purely  dipolar  interaction  model  and  for  each  of 
the  possible  signs  for  £  is  found  in  Table  III.  Considering  the 
simplicity  of  the  model  and  the  fact  that  the  value  of  <d  was  cal¬ 
culated  from  first  principles  rather  than  being  fitted  to  the  ob¬ 
servations,  the  agreement  between  the  observed  and  calculated 
spectra  (especially  for  the  case  when  d  and  £  are  of  opposite 
sign)  is  good. 

Examination  of  the  vectors  for  the  states  involved  in  the 
transitions  denoted  J_  and  £  shows  them  to  be  essentially  (in  the 
|MSi,MS2>  basis) 


Within  each  pair  the  effect  of  the  isotropic  exchange  term  in  (2) 
is  to  shift  the  energy  of  each  state  by  the  same  amount  and  in 
the  same  direction.  The  positions  of  and  spacing  between  these 
two  lines  will  thus  be  determined  almost  solely  by  the  magnitude 
of  the  dipolar  term  in  ( 2.) .  That  these  two  lines  are  fitted 
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Table  III 

Comparison  of  Observed  and  Calculated  EPR  Spectra  for 
Coupled  Cr(  urea) 4 3+-Cr(  urea) 4 J+  Pairs3 


Observed 

Field 

Transition  (gauss) 

Calculated  Field^  (gauss) 

0  =  483.4 
d  =  -50.75 

J  =  0.0 

D  =  -483.4 
d  =  -  50.75 

J  =  0.0 

D  =  -483.4 
d  =  -  50.75 

J  =  45.  1 1 

1 

3047  (  2) 

3047  (4) 

3047  (4) 

3047  (4) 

2 

3107  (  10) 

3117  (7) 

3145  (9) 

3107  (10) 

3 

3169  (1) 

3196  (5) 

3231  (3) 

3168  (2) 

4 

3420  (1) 

3392  (  5) 

3358  (3) 

3420  (2) 

5 

3482  (  10) 

3472  (7) 

3444  (9) 

3482  (  10) 

6 

3540  (2) 

3542  (4) 

3542  (4) 

3542  (4) 

aSpectra  here  limited  to  diagnostic  group  of  six  transitions 
centered  around  3300  gauss  (at  9.1  GHz)  when  magnetic  field 
direction  is  parallel  to  z_-axis.  Relative  intensity  in  paren¬ 
theses  following  field. 

L 

For  all  calculations  g  =  1.9752.  Remaining  spin  Hamiltonian 
parameters  expressed  in  units  of  1  0"4  cm”1. 


quite  well  and  the  remaining  four  lines  less  well  by  the  purely 
dipolar  interaction  model  indicates  1)  that  the  magnitude  of  the 
dipolar  coupling  calculated  from  the  crystal  structure  is  ap¬ 
propriate  and  2)  that  there  is  a  significant  amount  of  exchange 
coupling  present. 

If  the  other  parameters  of  the  spin  Hamiltonian  are  held 
constant,  the  fields  at  which  the  six  diagnostic  transitions  oc¬ 
cur  are  each  linear  in  the  exchange  parameter  over  a  small  range 
(JjJ  <  ld| ),  facilitating  the  precise  determination  of  J_.  With 
tne  inclusion  of  exchange  a  fit  between  the  observed  and  cal¬ 
culated  spectra  in  the  diagnostic  region  was  obtained  which  was 
exact,  within  experimental  uncertainty  (see  Table  III).  The 
parameters  of  best  fit,  which  constitute  a  unique  set,  are  g  = 
1.9752,  D  =  -483.4x1  O'4  cm-1,  d  =  -50. 75x1  O'4  cm"1  and  J  = 

45. llxlO"4  cm-1.  It  is  worth  noting  that  while  in  the  absence  of 
exchange  the  best  agreement  between  observed  and  calculated 
fields  for  the  diagnostic  transitions  was  obtained  when  the 
parameters  £  and  d^ were  of  opposite  sign,  the  behavior  of  the 
transition  fields  with  the  inclusion  of  exchange  is  consistent 
only  with  these  parameters  having  the  same  sign.  The  positive 
value  observed  for  J  corresponds  to  an  ant i ferromagnet ic  coupling. 
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Table  III  compares  observed  and  calculated  spectra  in  the 
diagnostic  region  for  several  combinations  of  spin  Hamiltonian 
parameters,  while  Figure  5  illustrates  the  agreement  between  the 
calculation  employing  the  parameters  of  best  fit  and  the  entire 
spectrum  observed  when  the  magnetic  field  is  parallel  to  z_.  In 
Table  IV  observed  transition  fields  at  the  Q-band  frequency 
(35.1  GHz)  and  those  calculated  from  the  parameters  of  best  fit 
(obtained  at  9.1  GHz)  are  compared  for  several  orientations. 

The  computer  program  used  for  all  spectral  calculations  in  this 
paper  was  written  by  Mr.  T.  M.  Lenhardt  of  the  University  of 
Illinois  and  is  based  on  the  frequency  shift  perturbation  tech¬ 
nique  of  reference  (9). 

If  the  crystals  of  Cr :A1{ urea) 6l3  are  subject  to  tempera¬ 
ture  dependent  changes  in  crystal  and  molecular  structure  of  the 
type  observed  in  the  case  of  V(urea)6I3,  a  variation  with  tem¬ 
perature  of  most  of  the  spin  Hamiltonian  parameters  would  be  ex¬ 
pected.  A  contraction  of  the  lattice  (at  least  in  the  c_- 
direction)  would  reduce  the  metal-metal  separation  and  have  the 
effect  of  increasing  both  £  and  £  in  absolute  value.  The  param¬ 
eter  id  will,  of  course,  vary  as  l/rs,  while  the  rate  of  change  of 
£  would  depend  on  the  mechanism(s)  of  the  exchange,  but  in  any 
case  might  reasonably  be  expected  to  be  somewhat  greater  than 
that  for  d.  A  change  in  the  coordination  geometry  about  the  Cr 
atom  would  result  in  a  change  in  £,  but  it  is  difficult  to  make 
an  a  priori  prediction  of  the  direction  or  magnitude  of  the 
change. 

Experimentally,  £,  £,  and  J.  all  increase  in  magnitude  with 
decreasing  temperature.  At  about  90°K  the  parameters  giving  the 
best  agreement  between  observed  and  calculated  spectra  (the  fit 
was  at  least  as  good  as  that  at  room  temperature)  were  g  = 

1.9752,  £  =  -5l4.8xl0"4  cm-1,  £  =  -54.35xl0"4  cm"1,  and  £  = 

50. 13x1 0"4  cm"1.  The  value  of  £,  which  was  obtained  from  the 
spacing  between  diagnostic  lines  _j_  and  6  (vide  supra) .  corre¬ 
sponds  to  an  apparent  contraction  of  the  lattice  in  the  £- 
direction,  or  at  least  a  reduction  of  the  Cr-Cr  pair  distance, 
by  about  2$.  This  is  about  twice  the  lattice  contraction  ob¬ 
served  in  the  vanadium  complex,  but  is  not  a  physically  unrea¬ 
sonable  amount.  The  fractional  increase  in  £  is  about  1.6  times 
that  observed  for  £;  that  is,  £  appears  to  be  varying  approxi¬ 
mately  as  1 / r 5 .  While  a  pathway  for  direct  exchange  exists  and 
the  1 / r 5  dependence  does  not  seem  unreasonable  for  this  mecha¬ 
nism  at  the  observed  internuclear  distance,  a  super-exchange 
mechanism  is  not  conclusively  ruled  out. 

When  the  magnetic  field  direction  is  appreciably  away  from 
the  z_-axis,  most  of  the  pair  transitions  which  are  calculated  to 
have  an  observable  intensity  occur  at  fields  such  that  they  are 
masked  by  the  much  more  intense  isolated-ion  lines,  and  the 
agreement  between  the  calculated  transition  fields  and  those 
lines  which  are  observed  is  not  as  good  as  for  nearly  parallel 
orientations  (see  Table  IV).  In  addition,  for  the  most  dilute 
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Figure  5.  Comparison  of  observed  and  calculated  X-band  epr  spectra  for  coupled  Cr(urea)t3'-Cr(urea)c3‘  pairs. 
Heights  of  lines  in  the  calculated  stick  spectrum  represent  relative  intensities.  The  two  outermost  lines  in  the  cal¬ 
culated  spectrum  are  each  actually  two  transitions  calculated  to  occur  at  fields  differing  by  less  than  3  gauss. 
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Table  IV 

Observed  and  Calculated  Q.-Band  EPR  Spectra  at  Several 


Orientations  for  Coupled  Cr( urea) 63+-Cr(  urea)  s3+  Pairs 


o 

O 

II 

CD 

(H  //  z) 

e  = 

15° 

9 

11 

CX 

o 

o 

Cal cu 1 ated 

Observed 

Cal cu 1 ated 

Observed 

Calculated  Observed 

Field 

Field 

Field 

Field 

Field 

Field 

( gauss) 

( gauss) 

(gauss) 

( gauss) 

(gauss)  (gauss) 

113651 

1 1368 J 

11367 

1  1472-1 

1 1 4  83 J 

1 1480 

11767 

11809 

11765 

11803 

— 

11447 

— 

11500 

— 

11843 

— 

11537 

— 

I  1550 

12008 

t  b 

116791 

1 1 694  J 

11692  (sh)a 

11776-1 

1  1777J 

xb 

12045 

12073^ 

r  x 

11758 

11765 

11841 

11838 

1 1840 

11837 

11924 

1  1930 

12155 

— 

12417 

12415 

12447 

12446 

— 

12255 

12476 

12476 

12501 

12501 

12525) 

12524 

12538 

12538 

12539 

12540 

1 2532 J 

12790 

12790 

12805 

12802 

12562 

12563 

12852 

12849 

12845 

12842 

12817 

12815 

12912 

12910 

12892 

12888 

12834  ' 

f  12831 

13488 

13485 

13394 

13395 

1  2840  . 

— 

13538 

13477 

13460 

— 

13000 

13570 

13570  (?) 

13539 I 

Xb 

13140 

13120 

13635 

13633 

1 3540/ 

A 

13225] 

b 

13649 

13660  (sh)a 

13815 

13805 

13245  i 

r  x 

— 

13793 

13846 

— 

13287J 

— 

13876 

13429 

13420 

1 3960 1 

1 3963  J 

13958 

aShoulders  are  observed  on  the  intense  isolated-ion  transitions 
at  approximately  these  fields. 


Pair  transitions  at  these  fields  would  be  obscured  by  the  in¬ 
tense  isolated-ion  transition  in  the  same  region. 
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samples  weak  lines  beyond  those  predicted  by  our  model  are  ob¬ 
served  in  the  region  of  the  outermost  lines  associated  with  the 
isolated-ion,  even  at  the  parallel  orientation  (see  Figures  4a 
and  5).  These  discrepancies,  which  we  do  not  feel  indicate  any 
serious  deficiency  in  the  model,  may  arise  from  the  terms  which 
we  have  left  out  of  our  spin  Hamiltonian.  Another  possible  ori¬ 
gin  for  the  'extra'  lines  would  be  the  existence  of  two  (or  more) 
distinct  Cr(  urea) 63+-Cr(  urea) 4 3+  sites,  characterized  by  differ¬ 
ent  £  values.  The  effect  of  slightly  different  values  would 
be  minimal  on  the  diagnostic  portion  of  the  spectrum,  but  in  the 
two  outer  regionswould  result  in  sets  of  lines  displaced  by 
2AD/gf3.  As  the  concentration  of  Cr3+  is  increased,  the  intensity 
of  the  isolated-ion  lines  relative  to  the  remaining  features  of 
the  spectrum  decreases,  and  all  of  the  lines  are  broadened,  re¬ 
ducing  resolution  (see  Figure  4b).  It  is  interesting  to  note 
that  the  'extra'  lines  pointed  out  above  have  virtually  disap¬ 
peared  in  the  spectrum  shown  in  Figure  4b.  The  spectrum  of  pure 
Cr(urea)<sl3  (Figure  4c)  is  different  yet,  although  some  general 
similarities  between  it  and  those  of  the  diluted  samples  are 
evident.  Undoubtedly  the  same  interactions  are  at  work  here, 
but  at  the  least  we  can  expect  it  to  be  necessary  to  consider 
interactions  between  each  Cr3  +  ion  and  both  of  its  axial  nearest 
neighbors. 

Additional  Studies  of  Interactions  in  Kurea^Xn  Lattices 

The  various  additional  investigations  of  magnetic  interac¬ 
tions  in  hexau rea-metal  (  III)  halide  lattices  contemplated  or 
currently  underway  in  this  laboratory  are  conveniently  divided 
into  three  categories  by  the  composition  of  the  materials  being 
stud i ed. 

The  first  group  consists  of  systems  involving  a  single 
paramagnetic  species,  either  as  a  substitutional  impurity  in  one 
of  the  aluminum  salts  or  as  the  pure  M(urea)<sX3  salt.  Here  we 
wish  to  determine  whether  coupling  between  paramagnetic  sites 
occurs  and,  if  so,  whether  a  mechanism  of  the  type  established 
for  the  chromium  system  appears  appropriate.  In  the  titanium 
system,  the  only  other  one  for  which  experimental  information  is 
currently  available,  the  lack  of  dependence  of  the  epr  spectrum 
on  Ti3+  concentration  suggests  that  interionic  coupling  is  mini¬ 
mal.  Analysis  is  complicated  by  the  fact  that,  even  for  dilute 
samples,  the  spectrum  of  Ti(urea)e3+  is  not  that  anticipated  for 
a  simple  S_  =  1/2  ( d ' )  ion  and  has  not  been  adequately  inter¬ 
preted. 

In  the  second  group  are  systems  in  which  one  of  the  para¬ 
magnetic  ions  is  doped  into  the  lattice  of  a  dissimilar  paramag¬ 
netic  ion.  At  the  present  our  attention  has  centered  on 
Cr :Ti( urea) «X3  and  Cr :V( urea) 4X3.  Because  of  line  broadening 
due  to  rapid  relaxation,  neither  Ti(urea)s3+  nor  V(urea),s3+  gives 
an  observable  epr  spectrum  at  room  temperature.  For  our 
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purposes,  sites  occupied  by  Cr(urea)63+  ions  as  guests  in  one  of 
the  other  lattices  may  be  classified  according  to  the  axial 
neighbors  of  a  given  Cr3+  ion.  If  the  concentration  of  Cr3+  is 
lew,  most  will  have  dissimilar  ions  in  both  neighboring  axial 
positions,  a  few  will  have  one  similar  and  one  dissimilar  neigh¬ 
bor,  while  the  number  with  two  similar  neighboring  ions  will  be 
negligible.  Depending  on  the  strength  of  the  interionic  cou¬ 
pling,  if  any,  spectral  features  due  to  ions  in  the  first  type  of 
site  potentially  would  provide  information  on  the  paramagnetic 
ion  of  the  host  lattice,  since  the  Cr(urea)s3+  system  is  already 
well  characterized.  (Note,  however,  that  differences  in  lattice 
dimensions  may  result  in  differing  degrees  of  distortion  of  the 
Cr(urea)63+  ion  so  that  changes  in  the  spectrum  from  the 
Cr :A1( urea) 4X3  reference  will  probably  be  a  combination  of  lat¬ 
tice  and  specific  ion-coupling  effects.)  Preliminary  epr  spectra 
of  samples  of  Cr:Ti( urea) 4I3  are  very  similar  to  those  obtained 
from  Cr  :A1(  urea)  <sl  3.  The  strongest  features  once  again  are  con¬ 
sistent  with  the  Hamiltonian  (X).  While  there  is  no  detectable 
change  in  £  is  larger  in  magnitude  than  observed  in  the  alu¬ 
minum  lattice.  There  are  several  possible  explanations  of  the 
failure  to  observe  significant  Ti3+-Cr3+  coupling,  but  the  most 
attractive  would  seem  to  be  the  assumption  that  the  Ti3+  is  re¬ 
laxing  so  rapidly  that  the  Cr3+  is  not  coupled  to  it,  but  sees 
only  an  averaged  environment  which  would  provide  a  very  small 
paramagnetic  shift.  Similarly,  the  secondary  features  can  be 
interpreted  on  the  basis  of  coupled  Cr3+-Cr3+  pairs.  The  use  of 
different  isomorphous  lattices  coupled  with  measurements  at  low 
temperature  provides  a  range  of  Cr-Cr  separations  which  should 
help  to  further  elucidate  the  precise  nature  of  the  coupling  be¬ 
tween  the  Cr(urea)a3+  ions  and,  in  particular,  the  exchange 
mechanism. 

As  yet  we  have  not  prepared  any  crystals  of  the  third  type 
in  which  one  of  the  AI(urea)6X3  salts  is  doped  simultaneously 
with  two  dissimilar  paramagnetic  M(urea)63+  ions.  The  primary 
aim  here  will  be  to  study  coupling  in  discrete  M(urea)63+- 
M'(urea)a3+  pairs.  It  is  anticipated  that  a  large  part  of  any 
such  investigations  will  have  to  be  carried  out  at  liquid  helium 
temperatu  re. 

In  summary,  the  isomorphous,  isostructural  M(urea)fiX3  salts 
provide  an  opportunity  for  a  variety  of  investigations  of  weak 
coupling  between  paramagnetic  ions  in  the  solid  state.  Epr  in¬ 
vestigations  of  these  systems  not  only  can  provide  information  on 
the  coupling  itself,  but  indirectly,  through  the  coupling,  infor¬ 
mation  about  the  individual  ions  involved  can  be  obtained  which 
would  not  normally  be  available. 
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Polymeric,  Mixed-Valence  Transition  Metal 
Compounds 


GILBERT  M.  BROWN,  ROBERT  W.  CALLAHAN,  EUGENE  C.  JOHNSON, 
THOMAS  J.  MEYER,  and  TOM  RAY  WEAVER 

University  of  North  Carolina,  Chapel  Hill,  N.C.  27514 

In  our  work  we  have  prepared  and  characterized  materials 
in  which  metal  atoms  or  ions  are  held  in  close  proximity  by 
chemical  linkages.  One  of  our  goals  has  been  to  establish  the 
chemical  and  physical  properties  which  arise  from  metal -metal 
interactions  in  such  systems  and  to  modify  the  properties  in  a 
controlled  way  by  directed  chemical  synthesis.  Three  different 
kinds  of  systems  have  been  studied  which  differ  with  regard  to 
the  nature  of  the  metal-metal  interaction:  1.  Compounds  in 
which  there  is  strong,  direct  metal -metal  bonding.  2.  Cases 
where  there  are  strong  metal -metal  interactions  through  bridging 
ligands.  3.  Cases  where  there  are  weak  metal -metal  interactions 
through  bridging  ligands. 

In  compounds  containing  strong  metal-metal  bonds,  the 
effect  of  the  metal-metal  bond(s)  is  to  modify  strongly  the 
chemical  and  electronic  properties  of  the  compounds  when  compared 
to  the  component  monomers.(l_)  One  of  the  intriguing  properties 
of  such  systems  is  that  if  certain  bonding  and/or  structural 
features  are  present,  they  can  exist  in  a  variety  of  molecular 
oxidation  states,  e.g.,  [(Tr-C5H5)Fe(C0)]42+'+'  °'  (2)»  { [ (-m-C 5H 5) 

Fe(CO)]2(Ph2P(CH2) 3PPh2) ) 2+/+/°  (Ph  is  phenyl ) (3).  Ions  like 

[U-C5H5)Fe(C0)]4  and  {[U-C5H5)Fe(C0)]2(Ph2P(CH2)  3PPh2)}+  are 

formally  mixed-valence  cases,  but  evidence  is  now  being  obtained 
which  indicates  that  the  metal  atoms  are  strongly  coupled  and 
that  oxidation-reduction  processes  involve  delocalized  molecular 
orbitals. 

Strong ,  Chemical ly-Significant  Interactions  Through  a_  Bridging 
Ligand.  p-oxo-Bridged  Complexes~of  Ruthenium  (HIT- 

We  have  prepared  several  p-oxo-bridged  complexes  of  ruthenium 
(III):  [(AA)XRu-0-RuX(AA)2]2*(AA  is  2,2'-bipyridine  (bipy)  or 

1 ,10-phenanthrol ine  (phen);  X  is  Cl  or  N02).  The  complexes 
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have  been  characterized  by  elemental  analysis  (as  hexafluro- 
phosphate  salts),  solution  conductivity  measurements,  electro¬ 
chemical  measurements,  and  spectrophotometric  titrations  using 
Cr2+  as  reductant.  Although  x-ray  crystallographic  data  is 
not  yet  available,  in  the  complexes  the  X  groups  are  almost 
certainly  cis  to  the  bridging  oxide  ion^)  and  molecular  models 
indicate  that  direct,  through-space  Ru-Ru  interactions  are 
probably  not  possible. 

The  properties  of  the  y-oxo-bridged  dimers  are  unusual 
when  compared  to  closely  related  bis(2,2'-bipyridine)  complexes 
of  ruthenium  (II)  and  ruthenium  (III).  From  electrochemical  2+ 
studies  in  acetonitrile,  the  system  [(bipy^ClRu-O-RuCl  (bipy)2] 

also  exists  as  mixed-valence  +3  (Ru(III)-Ru(IV))  and  +1  (Ru(II)- 
Ru(III))  ions.  The  +1  ion  is  chemically  unstable  on  time 
scales  longer  than  the  cyclic  voltammetry  time  scale  (seconds). 
The  electronic  spectra  of  the  +2  and  +3  ions  in  acetonitrile 
include  highly  intense  bands  in  the  visible:  for  [ ( b i py ) 2 - 

ClRu-0-RuCl(bipy)9]2+,  1  „  668nm(e  17,000);  for  [(bipy)~ClRu- 
<5,  c  max  £ 

O-RuCl (bipy)?]  ,  xmax  470nm  (e  17,000).  Magnetic  susceptibility 

data  has  been  obtained  on  the  salt  [(bipy^Nt^jRu-O-RufNOg) 

(bipy)2](PF6)2  in  the  temperature  range  77-275°K  ($)■  An  excellent 
fit  of  the  data  to  the  Bleaney-Bowers  equation  (£_)  has  been 
obtained  which  indicates  that  the  +2  ion  has  a  singlet  ground 
state  with  a  low-lying  triplet  state  (2J  =  -173  cm-1  with 
g  =  2.48). 

The  unusual  chemical  and  physical  properties  of  the 
y-oxo-bridged  dimers  appear  to  arise  because  of  a  strong, 
chemically  meaningful  interaction  between  the  ruthenium  ions. 

Many  of  the  properties  of  the  dimers  can  be  explained  using 
the  qualitative  molecular  orbital  model  given  in  Figure  1.  The 
model  in  Fig.  1  is  slightly  modified  from  the  model  used  by 
0rgel(7)for  the  linear  ion  ClgRu-O-RuClg  in  order  to  account  for 
the  lower  symmetry  and  the  possibility  that  the  Ru-O-Ru  linkage 


Figure  1.  Qualitative  mo¬ 
lecular  orbital  scheme  for 
[(bipy)iXRu-O-RuX- 
(bipy)iY'-  The  z  axis  for 
each  ruthenium  ion  is  taken 
to  be  along  the  Ru-0  axis. 
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Using  the  molecular  orbital  scheme  in  Fig.  1,  the  valence 
molecular  orbitals  are  the  slightly  separated  pair  iri*  and  ir2* 
which  consist  of  antibonding  combinations  of  ruthenium  4d  and 
oxygen  2p  orbitals.  The  1 2 J I  value  measured  in  the  magnetic 
study  can  be  interpreted  in  terms  of  the  energy  separation 
between  the  singlet  and  triplet  states  Miri*2)  and  3(ir1*n2*)» 
although  other  interpretations  can  be  given.  From  the  molecular 
orbital  model  simple  redox  processes  of  the  u-oxo-bridged  ions 
necessarily  involve  the  gain  or  loss  of  electrons  in  net  anti¬ 
bonding  molecular  orbitals  which  explains  the  relative  stability 
of  the  +3  ion  [(bipy)  ClRu-O-RuCl (bipy)2]3+  and  the  somewhat  + 
surprising  instability  of  the  +1  ion  [(bipy)  ClRu-O-RuCl (bipy)2J . 
By  comparing  reduction  potential  data  for  the  u-oxo-bridged 
dimers  with  data  for  related  Ru (III) -Ru (II)  couples,  it  can 
be  estimated  that  the  extent  of  destabilization  of  the  n* 
orbitals  may  be  several  kcal/mole,  leading  to  an  appreciable 
chemical  modification  of  the  system. 

Systems,  like  the' u-oxo-bridged  ions,  in  which  there  are 
strong  metal -metal  interactions  across  a  bridging  ligand  should 
be  of  considerable  interest  in  the  future.  In  strongly  coupled 
systems,  as  in  systems  containing  direct  metal-metal  bonds, 
the  strong  coupling  leads  to  significantly  changed  chemical 
and  electronic  properties  when  compared  to  the  component  monomers. 
Ultimately,  such  compounds  may  constitute  a  new  class  of  materials 
having  distinct  and  synthetically  controllable  properties  of 
their  own. 

Weak  Metal -Metal  Interactions  in  Ligand-Bridged  Ruthenium 
Complexes. 

We  have  prepared  a  series  of  complexes  in  which  ruthenium 
ions  in  different  ligand  environments  are  linked  by  orqanic 
bridging  ligands.  The  complexes  are  of  the  type  [(NH  )5Ru(L)- 
RuCl (bipy)2]3+  in  which  L  is  a  dibasic,  N-heterocyclic  ligand, 
for  example,  pyrazine.  From  the  results  of  spectrophotometric 
titrations  (Br2  in  acetonitrile),  and  chemical  and  electro¬ 
chemical  isolation  studies,  the  complexes  also  exist  as  the 
oxidized  +4  and  +5  ions. 

From  spectral  and  reduction  potential  data,  in  the  mixed- 
valence  +4  ions,  the  site  of  oxidation  is  localized  largely  on 
the  (NH3)5Ru-  end  giving  the  oxidation  state  configuration 

[(NH3)5Ru(III)(L)Ru(II)Cl(bipy)2]4+  .  This  is  an  expected 

result  since  the  monomeric  complexes  Ru(bipy)2LCl  are  more  + 
difficult  to  oxidize  by  t,0.4  v  than  are  the  complexes  Ru(NH3)5L2  . 

In  the  system 

[(NH3)5RuN^O)-CH2CH2“<^NRuC1  (bipy)2]5+/4+/3+  , 

where  bis(4-pyridyl  )ethane  (BPA)  is  the  bridging  ligand,  the 
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electronic  and  redox  properties  of  the  +3  and  +4  ions  are 
essentially  the  superimposed  properties  of  the  monomeric  ions 

[Ru(NH3)5py]3+//2+  (py  is  pyridine)  and  Ru(bipy)2(py)Cl2+y,+  . 

No  evidence  has  been  obtained  for  Ru-Ru  interactions,  presumably, 
because  the  two  ir-systems  of  the  bridging  ligand  are  separated 
by  a  saturated  (-CHj-CHb)  linkage. 

Ru-Ru  interactions  can  be  "turned  on"  by  using  bridging 
ligands  with  extended,  unbroken  ir-svstems.  For  the  dimers  with 
the  bridging  ligands 

<o)  (pyrazine)  (4 ,4'  -bi  pyridine) 


^)-Hc=c-(o) 


(trans-1 ,2-bis(4-pyridyl )ethylene) 


data  in  solution  (acetonitrile)  indicate  that  interactions  do 
exist  between  metal  centers.  The  interactions  are  weak 
but  their  presence  is  clearly  seen  in  the  spectral  properties 
of  the  +3  and  mixed-valence,  +4  ions. 

For  the  +3  ions,  [ ( NH^ ) ^Ru ( L ) RuCl (bi py)2) °  >  qualitative 

band  assignments  can  be  made  for  the  transitions  d  -*■  ir*(L), 
d  -+  ir*(bipy),  and  it  ir*(bipy).  In  comparing  monomer  and 
dimer  spectra  the  only  bands  which  are  significantly  shifted  in 
the  dimeric  complexes  are  the  d  -*•  tt*(L)  charge  transfer  bands 
for  which  the  transition  moment  necessarily  lies  along  the 
Ru-Ru  axis. 

For  the  mixed-valence,  +4  ions,  Intervalence  Transfer 
(IT)  bands  appear  in  the  visible  and  near-infrared  spectral 
regions.  In  IT  absorption,  light-induced  electron  transfer 
occurs  between  the  metal  centers, 

C(NH3)5Ru(  III )  (L)Ru(  II  )C1  (bipy)2]4+  — ^[(NH^RudlHL)- 

Ru(III)Cl(bipy)2r+* 

giving  the  product  ion  in  non-equilibrium  vibrational  and 
rotational  states.  The  IT  xm^x  values  for  a  series  of  complexes 
are  given  in  Table  I.  Where  it  has  been  possible  to  test,  we 
find  that  the  IT  bands  have  the  solvent  dependence  and 
approximate  band  widths  predicted  by  Hush. (7)  The  energies  of 
the  bands  for  the  dimers  in  Table  I  are  considerably  higher 
than  the  energy  of  the  IT  band  reported  by  Creutz  and  Taube  (8) 

for  the  ion  [(Nh3)5RunQ<Ru(NH3)5]5+  .  The  bands  are 
expected  to  appear  at  higher  energies  for  the  unsymmetrical 


In  Extended  Interactions  between  Metal  Ions;  Interrante,  L.; 

ACS  Symposium  Series;  American  Chemical  Society:  Washington,  DC,  1974. 


Intervalence  Transfer  Bands  in  Acetonitrile 


70 


EXTENDED  INTERACTIONS  BETWEEN  METAL  IONS 


In  Extended  Interactions  between  Metal  Ions;  Interrante,  L.; 

ACS  Symposium  Series;  American  Chemical  Society:  Washington,  DC,  1974. 


is  ammonia  and  B  is  2, 2' -bi pyridine. 


7.  brown-  et  al.  Polymeric  Compounds 


71 


dimers  since  the  product  of  light-induced  electron  transfer, 

[(NH.3)gRu(II)(L)Ru(IIl)X(bipy)2]^+,  is  a  high  energy  oxidation 

state  isomer  in  which  the  oxidation  state  configuration  is 
reversed  from  the  configuration  of  the  ground  state  ion. 

We  have  drawn  two  important  conclusions  from  this  work. 
The  first  is  that  if  the  bridging  ligand  includes  an  uninter¬ 
rupted  ir-system,  the  effects  of  metal -metal  interactions  can 
be  seen  in  the  physical  properties  of  the  ions.  Secondly, 
cooperative  electronic  interactions  between  metal  centers,  as 
viewed  spectrally,  and  rates  of  intramolecular  electron 
transfer,  as  estimated  from  the  energies  of  IT  bands (7)can  be 
varied  by  a  series  of  relatively  simple  chemical  modifications 


The  Effects  of  Weak  Metal -Metal  Interactions  in  Polymeric, 
Ci'gand -Bridged  Compounds . 


Several  ligand-bridged,  polymeric  complexes  of  ruthenium(II)  -- 
[(bipy)2ClRu(pyz)[Ru(bipy)2pyz]nRuCl (bipy)2]+2n+2  (n=0,  1,  2, 


3,  4;  bipy  is  2, 2 ' -bi pyridine;  pyz  is  pyrazine)  and  [(bipy)9 


ClRu(L)[Ru(bipy)2L]nRuCl(bipy)2]2n+2(n=0,  1,  2;  L  is 


or  NQ^-CHg-CHg-^Q —  have  been  prepared 


and  isolated  as  PFg"  or  C10^~  salts. (2)In  the  preparations  a 

series  of  sequential,  stepwise  reactions  are  used  based  on 
the  reactivity  of  the  N0+  and  NO?-  groups  when  bound  to 
bi s (2 ,2 1 -bi pyri di ne )rutheni um( 1 1 ) . 

We  have  investigated  the  oxidation  state  properties  of  the 
polymeric  ruthenium  complexes  and  of  the  series  of  1,1’ -poly¬ 
ferrocene  compounds: 


n  =  0;  bi ferrocene  (Fc-Fc) 

n  =  1;  1 ,1 1 -terferrocene  (Fc-Fc-Fc) 

n  =  2;  1 ,1 1 -quatreferrocene  (Fc-Fc-Fc-Fc) 
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In  the  polyferrocenes,  iron  is  present  in  the  +2  formal 
oxidation  state.  Iron  (III)  is  also  an  accessible  oxidation 
state  in  the  ferrocene  coordination  environment, and  the  mixed- 
valence  biferrocenium  ion,  [(CgHg)Fe(CgH^-CgH^)Fe(CgHg)]+, 

has  been  well  characterized. (10) 

From  chemical  and  electrochemical  studies,  both  the 
ruthenium(ll)  and  ferrocene  polymers  undergo  a  series  of  dis¬ 
tinct,  chemically  reversible,  one-electron  oxidations.  By 
oxidizing  the  polymers  at  controlled  potentials,  or  by  using 
controlled  amounts  of  a  chemical  oxidant,  solutions  containing 
mixed-valence  or  fully  oxidized  ions  can  be  obtained,  e.g., 

[(bipy)2ClRu(pyz)[Ru(bipy)2pyz]2RuCl (bipy)2]10+/9+/8+/6+  and 

[(C5H5)Fe(C5H4-C5H4Fe(C5H4-C5H4)Fe(C5H5)]3+/2+/+/°.  The 

polymeric,  mixed-valence  ions  are  of  interest  when  compared  to 
related  dimeric  systems.  Cooperative  interactions  between 
more  than  two  metal  ion  sites  may  lead  to  molecular  properties 
more  normally  associated  with  solid  state  materials. 

For  the  ruthenium  polymers,  spectrophotometric  titrations, 
using  Ce(IV)  in  acidic  aqueous  solution,  have  shown  that  each 
ruthenium(II)  site  in  the  polymeric  chains  can  be  oxidized 
to  ruthenium(III), 

(Run)n  +  n  Ce(IV)  - >(RuJII)n  +  n  Ce(III) 

A  series  of  both  fully  oxidized  and  partly  oxidized  (mixed- 
valence)  ions  have  been  isolated  as  C104~  salts.  Recently, 
work  has  begun  on  the  low  temperature  magnetic  properties  of 
the  salts  in  collaboration  with  Professor  W.  E.  Hatfield  of  the 
University  of  North  Carolina.  Work  has  also  begun  on  the 
solid  state  electrical  conductivity  properties  of  the  salts. 

It  may  prove  possible,  to  some  extent,  to  vary  systematically 
the  conductivity  properties  of  a  series  of  polymeric  ions 
in  the  solid  state.  The  synthetic  chemistry  involved  is 
extremely  versatile  and  the  polymeric  ions  can  be  modified  in 
a  controlled  way  with  regard  to  such  features  as:  1.  The 
number  of  units  in  the  polymeric  chain.  2.  The  ratio  of 
Ru(ll)  to  Ru(III)  sites.  3.  The  pattern  of  bridging  ligands. 
4.  The  non-bridging  ligands.  5.  The  introduction  of  metal 
ions  different  from  ruthenium. 

For  the  1 ,1 '-polyferrocene  compounds,  electrochemical 
measurements  have  shown  that  each  ferrocenyl  group  ( -Fc ) 
can  be  oxidized  to  ferrocenium  (-Fc+).  For  example,  for 
1 ,l'-terferrocene,  there  are  three  vol tanrietri c  waves  at  well- 
separated  potentials.  The  voltammetric  waves  correspond  to 
the  electrode  reactions: 
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(Fc-Fc-Fc)+  +  e  - 

— >(Fc-Fc-Fc) 

0.22 

(Fc-Fc-Fc)2+  +  e  - 

— >(Fc-Fc-Fc)+ 

0.44 

(Fc-Fc-Fc)3+  +  e  - 

— >(Fc-Fc-Fc)2+ 

0.82 

The  Ep  values  are  half-wave  potentials  vs.  the  saturated 
sodiurfi  chloride  calomel  electrode  in  1:1  v/v  dichloromethane- 
acetonitrile  at  25+2°C.  + 

Solutions  containing  mixed-valence  ions  such  as  (Fc-Fc-Fc) 
and  ( Fc-Fc-Fc) 2+  can  be  prepared  by  controlled  potential  + 
electrolysis.  For  the  mixed-valence  biferrocenium  ion  (Fc-Fc)  , 
it  has  been  concluded  that  discrete  Fe(II)  and  Fe (III)  sites 
exist  and  that  electronic  delocalization  between  the  two  sites 
is  small .( lOlBecause  of  the  similarities  in  spectral  and  redox 
properties "between  the  biferrocenium  ion  and  the  mixed-valence 
polyferrocene  ions,  it  appears  that  the  mixed-valence  poly¬ 
ferrocene  ions  also  contain  weakly  interacting  but  discrete 
Fe(II)  and  Fe(III)  sites. 

For  the  1 ,1 ' -polyferrocene  compounds  there  are  chemically 
different  sites  (Fc-  and  -Fc-)  In  the  polymeric  chains.  Upon 
oxidation  to  the  mixed-valence  ions  more  than  one  oxidation 
state  isomer  can  exist.  The  oxidation  state  isomers  differ 
with  regard  to  the  site(s)  of  oxidation.  For  example,  for 
the  ion  (Fc-Fc-Fc)+  there  are  two  energetically  equivalent 
isomers  —  Fc+-Fc-Fc  and  Fc-Fc-Fc+  --  and  one  energetically 
nonequivalent  isomer  —  Fc-Fc+-Fc. 

From  the  effect  of  the  ferrocenyl  group  as  a  substituent, 
it  can  be  estimated  that  the  isomers  Fc-Fc-Fc  and  Fc-Fc+-Fc  are 
of  similar  energy.  However,  for  other  mixed-valence  ions  the 
difference  in  free  energy  between  isomers  can  be  significant. 
From  E%  data  and  the  ferrocenyl  substituent  effect  it  is 
possible  to  estimate  that  for  the  reaction 

Fc+-Fc-Fc+  - >  Fc+-Fc+-Fc 

&G  r-  2.8  kcal/mole. 

The  properties  of  Intervalence  Transfer  (IT)  bands  are 
influenced  by  oxidation  state  isomerism.  IT  bands  for  several 
of  the  mixed-valence  ions  are  given  in  Table  II.  For  some  of 
the  ions  the  IT  Xmax  is  shifted  significantly  from  Xm?x  for 
Fc+-Fc.  The  band  shifts  are  expected  when  it  is  realized  that 
the  products  of  light-induced  electron  transfer  are  not 
symmetric  for  the  mixed-valence  polyferrocene  ions.  In  some 
cases  the  products  of  light-induced  electron  transfer  are 
energetically  unfavorable  oxidation  state  isomers,  for  example, 

Fc+-Fc-Fc+  — — >(Fc^  Fc+-Fc)* 

As  described  by  Hush(7)the  IT  transition  energy  in  such  a  case 
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will  include  the  difference  in  ground  state  energies  between 
the  isomers  Fc+-Fc-Fc+  and  Fc+-Fc+-Fc  in  addition  to  the  usual 
Franck-Condon  energy  barrier. 

An  equation  has  been  derived  by  Hush  which  relates  the 
energy  of  IT  absorption  to  the  rate  of  intramolecular  electron 
transfer  in  mixed-valence  compounds . (7)The  equation  allows 
estimates  to  be  made  for  processes  lil<e: 

Fc+-Fc  - ^Fc-Fc+  k  ^  3x10^  sec  1 

Fc+-Fc-Fc- — yFc-Fc+-Fc+  k  *  lxlO10  sec"1 


The  rate  of  electron  hopping  between  ferrocenyl  and  ferri- 
cenium  groups  is  slower  in  Fc+-Fc-Fc+  than  in  Fc+-Fc,  mainly 
because  of  the  energetically  different  chemical  sites  in 
Fc+-Fc-Fc+.  The  rate  differences  involved  are  small,  but 
significant,  since  they  indicate  that  in  ligand-bridged 
complexes,  rates  of  intramolecular  electron  transfer  can  be 
varied  systematically  by  changing  the  chemical  environments 
of  the  constituent  ions. 
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Exchange  Interactions  in  Nickel(II),  Copper(II),  and 
Cobalt(II)  Dimers  Bridged  by  Small  Anions 


DAVID  N.  HENDRICKSON  and  D.  MICHAEL  DUGGAN 
University  of  Illinois,  Urbana,  Ill.  61801 


I n  troduc  t ion 

In  this  paper  some  very  recent  work  on  "magnetic" 
exchange  interactions  in  certain  nickel (II)  and 
copper (II)  dimers  will  be  summarized  and  some  init¬ 
ial  findings  on  analogous  cobalt(II)  and  manganese (II) 
compounds  will  be  presented.  The  compounds  to  be 
discussed  include  the  following: 

[H2 (tren) 2X2] (uPh4) 2 
where , 

M  =  Hi(II)  ,  Cu(II)  ,  Co(II)  ,  Mn (II) 

X  =  N “,  OCim-,  SCW",  SeCW" ,  CW(Cu  only)  and, 
tren  =  2 ,2  ,2"-triaminotriethylamine 

One  objective  at  the  outset  of  this  work  was  to  keep 
the  non-bridging  ligand  tren  and  the  counterion 
tetrapheny lborate  constant  while  observing  the 
effects  on  the  exchange  interaction  of  changing  either 
the  metal  or  the  bridging  ligand.  The  anticipation 
of  obtaining  similar  aimer  structures  upon  inter¬ 
changing  metals  was  not  to  be  realized;  however, 
interesting  variations  developed.  It  will  be  noticed 
that  extendea  bridging  groups  have  been  selected  to 
eliminate  the  consideration  of  direct  metal-metal 
exchange  interactions.  In  audition,  the  tetraphenyl- 
borate  counterion  should  provide  some  degree  of 
shielding  between  dimer  units. 

The  phenomenon  of  magnetic  exchange  is,  of  course, 
electronic  in  origin.  A  particular  distinction  is 
made  in  our  work  between  the  parameterization  of  the 
observed  phenomenon  (as  per  some  effective  spin 
Hamiltonian)  ana  the  interpretation  of  the  effective 
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Spin  Hamiltonian  parameters  from  the  electronic  wave- 
functions  of  the  system  in  question.  Tnis  latter  pur¬ 
suit  is  the  most  important;  at  present  it  is  only  pos¬ 
sible  to  provide  qualitative  or  pernaps  semi-quantita¬ 
tive  interpretations  of  ooserved  trends  in  parameters. 

Nickel (II) Dimers 

The  four  nickel  systems  are  dimeric  with  two  X 
anions  end-to-end  bridging  such  tnat  the  nickel  atoms 
are  octahedrally  coordinated.  Initially  this  was 
deduced  from  careful  infrared  and  electronic  absorp¬ 
tion  spectroscopy  and  X-ray  powder  pattern  work.  For 
example,  the  powder  patterns  of  (Mi2 (tren) -NCO) ^]- 
(BPh.) 2  and  [Wi2 (tren) 2 (oxalate) ]  (HEh.) 2  are  very 
similar  and  since  the  oxalate  (^2°4  '  *i9anti  has  been 

established  (1J  to  bridge  in  a  bis-bidentate  fashion 
between  two  metal  centers,  the  end-to-end  di-bridging 
nature  of  the  a2ide  compound  is  indicated.  As  we  ex¬ 
amined  tne  magnetic  properties  of  this  series  of 
nickel  dimers  we  became  concerned  witn  the  details  of 
the  molecular  structure. 

The  single-crystal  X-ray  structure  of  [Ni2(tren)2- 
(NCO)-J  (HPh  .)  „  was  determined  (2).  Discrete  cationic 
[Ni2Ttren) 2^C0) 2] ^  and  anionic  BPn  units  are  found, 
where  the  metals  are  bridged  by  two  cyanate  groups 
bonding  in  an  end-to-end  mode.  The  structural 
characteristics  of  tne  cation  are  depicted  in  Figure  1. 
As  a  side-product  of  our  exchange  work  we  have  thus 
established  the  first  case  of  an  authenticated  oxygen- 
bonded  cyanate  metal  complex.  Each  nickel  atom  in 
the  cation  is  six  coordinate  with  tren  occupying  four 
sites  (Ni-N=2. 047(7) ,  2.054(5),  2.095(7),  and  2.130(7) 
A)  and  the  other  two  sites  of  the  distorted  octahedron 
are  occupied  by  the  N  and  O  atoms  of  the  bridging 
cyanate  ions  (Ni-N-2. 018 (7)  and  Ni-0=2 . 336 (5) A) .  The 
two  cyanate  bridges  are  essentially  co-planar  while  tne 
nickel  atoms  lie  above  and  below  the  plane  by  ±  0.25A. 
In  respect  to  the  exchange  work  there  are  tnreg  germane 
points.  First,  the  Ni-Ni  distance  of  5. 385(1) A  pre¬ 
cludes  a  direct  Ni-Ni  exchange  interaction.  Second, 
packing  diagrams  show  that  the  large  BPh^  anions  pro¬ 
vide  effective  snielding  between  dimeric  cations. 

Third,  and  most  important  to  our  discussion,  it  can  be 
seen  that  each  NCO  in  the  cation  is  essentially 
bonding  end-on  at  the  nitrogen  end  (  $NiNC=155.0° )  and 
almost  at  right  angles  at  the  oxygen  end  (  £NiOC  * 
117.1°). 
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Because  there  was  available  a  structure  of  a  re¬ 
lated  end-to-end  bridged  di-p- thiocyanate  nickel  dimer, 
i.e.,  [Ni- (en)  .  (tJCS)  _  ]  I- (3^)  »  and  our  work (£)  on 
[Ni2 (trenf 2  (NCS) 2 ] (BPh.T2  had  convinced  us  of  their 
similarity  of  bridge  structure,  in  our  opinion  it  only 
remained  to  determine  the  structure  of  [Ni2 (tren) 2~ 

(N,)  2J  (BPh  J2,  which  was  solved  very  recently  by 
Pierpont  et  a_l(l5)  •  Tne  basic  structural  features  of 
tne  [Ni2  (tren)  2  (N-j)  2  J  cation  are  illustrated  in 
Figure  2.  Tne  two  end-to-end  bridged  azide  groups  are 
parallel  and  the  nickel  atoms  are  located  ±  0.52A  from 
the  azide  plane.  Each  azide  bridge  is  somewnat  asym¬ 
metric  with  Ni-N-N  angles  of  1^5. 3(7)°  and  lj>3. 3(6)° 
and  Ni-W  distances  of  2.069 (8) A  and  2.195 (7) A.  The 
coordination  geometry  at  each  nickel  is  again  approxi¬ 
mately  octahedral. 

We  have  measured  the  magnetic  susceptibility  of 
tne  four  nickel  dimers  in  tne  range  of  4.2-283°K.  In 
eacn  case  tne  (molar)  paramagnetic  susceptibility  data 
were  least-squares  fit  to  an  equation  set  out  by 
Ginsuerg  et  al(6): 


X,j  =  (2NgV/3k) 


2F ' 


1-42  JF 


-]  +  Na 


In  tnis  equation,  N,  8/  and  k  nave  tneir  usual  meaning, 
Wa  is  tne  temperature- independent  paramagnetism  (taken 
as  -200x10  eg s/mol  of  aimer) ,  and  F^  and  F'  are  com¬ 

plicated  functions  of  temperature ,  single-ion  zero- 
field  splitting  0,  and  tne  intradimer  exenange  parame¬ 
ter  J.  Tne  effective  interdimer  exenange  is  Z'J'. 

As  we  reported  earlier (7) ,  tne  compound  [Wi2 
(tren) 2 (W^) 2 1 (BPn^) 2  shows  a  relatively  strong  anti¬ 
ferromagnetic  exchange  interaction  witn a  susceptibility 
maximum  at  ^10o°K.  In  Figure  3  we  nave  reproduced 
tne  susceptibility  and  effective  moment  curves  for 
[i\ii2  (tren)  2^00)  2]  (BPii^)  2*  In  tnis  case  tne  suscepti¬ 
bility  increases  witii  decreasing  temperature  until  a 
maximum  is  reacned  at  14°K,  whereupon  X  t  decreases 
rapidly  to  4.2°K.  Tne  rapid  decrease  is  indicative  of 
a  sample  wnich  is  relatively  free  of  paramagnetic 
impurities.  Tne  solid  lines  in  Figure  3  are  least- 
squares  theoretical  lines,  fit  to  tne  above  equation. 
Thus,  qualitatively  we  see  tnat,  although  the  cyanate 
and  azide  nickel  dimer  structures  are  grossly  similar, 
tnere  is  an  appreciable  attenuation  in  antiferromag¬ 
netic  exenange  interaction  in  going  from  tne  azide 
to  tne  cyanate  compound. 

An  even  more  striking  cnange  occurs  wnen  tne 
nickel  bridging  groups  are  changed  to  either  tne 
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Figure  2.  ORTEP  plotting  of  [Ni_,(tren):(N,)j]-'  showing  some  of  the 
geometrical  jxirameters;  the  dimer  is  located  on  a  center  of  inversion, 
and  carbon  and  hydrogen  atoms  are  not  shown. 


TEMPERATURE  (”K) 

Figure  3.  Experimental  and  calculated  magnetic  susceptibility  data 
for  [Ni  ,(tren)_(NCO);](RPh,);.  Lines  are  least-squares  fit  theoreti¬ 
cal  lines;  for  fitting  parameters,  see  text. 
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tniocyanate  (NCS  )  or  uelenocyanate  (UCSe~)  groups. 

Tne  effective  moment  curves  for  tne  nicKei  tniocyanate 
and  selenocyanate  dimers  are  snown  in  Figure  4.  notn 
compounds  nave  ferromagnetic  interactions  of  approxi¬ 
mately  tiie  same  magnitude.  For  comparison  purposes, 
the  effective  moment  curve  of  one  analogous,  structur¬ 
ally  cnaracterized (3) ,  cis-disuostituted  tren  nickel 
complex,  i.e. ,  Ni(tren) (NCS) 2 ,  is  also  snown.  In  this 
last  case  there  is  a  very  small  decrease  in  the  moment 
at  the  lowest  temperatures  and  tnis  is  undouotedly  due 
to  single-ion  zero-field  splitting  and  perhaps  a  little 
intermolecular  interaction.  Parameterization  of  the 
susceptibility  data  for  the  four  nickel  dimers  gives 
the  following  values : 


Compound 

J  ,cm  ^ 

y 

D,cm  1 

z'j', 

cm" 

N  ” 

-35 

2.282 

-10.1 

0. 

.71 

lJCO 

-4.4 

2.255 

-0.45 

-0. 

.16 

NCS 

+  2.4 

3.347 

-0.49 

-0. 

.07 

Ncse- 

+  1.6 

2.181 

-0.76 

-0. 

.02 

It  is  important  to  mention  tnat  Ginsberg  et  al  (£)  re¬ 
ported  a  ferromagnetic  exchange  for  [Wi2 (en)  .  (NCS) 2J I2 
where  they  found  J=+4.5  cm 

With  the  magnetic  and  structural  data  in  hand  it 
is  now  appropriate  to  attempt  to  explain  the  cnange  in 
sign  and  magnitude  of  the  exchange  parameter  for  tnese 
four  nickel  dimers .  In  our  opinion  it  is  the  symmetry 
of  the  bridging  units  that  is  the  most  important  factor 
in  determining  the  sign  and  to  a  certain  degree  tne 
magnitude  of  the  exchange  parameter  J.  Assistance  in 
understanding  the  following  explanation  can  be  nad  by 
referring  to  Figure  5  where  somewhat  idealized  (i.e., 
tne  azide  system  is  represented  as  symmetric,  because 
the  figure  was  prepared  oefore  the  structural  details 
were  known)  plane  projections  of  three  of  the  nickel 
dimer  bridging  units  are  given.  The  geometry  repre¬ 
sented  for  the  thiocyanate  case  is  tnat  drawn  from  the 
structure  for  [Ni2 (en) ^ (NCS) 23 I, (3) ,  which  we  are  con¬ 
vinced  accurately  approximates  to  tnat  present  in  our 
compound.  In  the  case  of  the  most  symmetric  system, 
the  azide  dimer,  the  metals  ions  are  bonding  into  the 
same  bridge  molecular  orbitals.  This  leads  to  a  pair¬ 
ing  of  electrons,  that  is  a  net  antiferromagnetic  ex¬ 
change.  Changing  the  bridge  from  azide  to  cyanate 
gives  a  bridging  unit  which  is  no  longer  symmetric  and 
now  the  two  nickel  atoms  bond  into  bridge  orbitals 
that  are  not  of  necessity  of  equal  construction  with 
respect  to  the  two  metal  centers.  As  a  result  there 
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Figure  4.  Experimental  anil  calculated  magnetic  susceptibility 
data  for  [ Nij(tren)j(NCSe);](BPh.)j  (top,  left),  Ni(tren)(NCS)i  (top, 
right),  and  [ Ni,(tren)J(NCS),'\(BPhi)t  (bottom).  The  lines  are 
least-squares  fit  theoretical  lines. 


Figure  5.  Diagramatic  representation  of  the  bridging 
structures  of  di-/i-aziile,  di-fi-ctjanate,  and  di- ft- thiocyanate 
systems 


In  Extended  Interactions  between  Metal  Ions;  Interrante,  L.: 

ACS  Symposium  Series;  American  Chemical  Society:  Washington,  DC,  1974. 


8.  HENDRICKSON  AND  DUGGAN 


Ni,  Cu,  Co  Dimers 


83 


are  both  antiferromagnetic  and  ferromagnetic  pathways 
possible  in  the  di-p-cyanate  system.  The  net  exchange 
is  weakly  antiferromagnetic.  It  must  be  realized  that 
it  is  not  possible  to  predict  from  the  X-ray  structure 
that  [Ni2 (tren) 2 (NCO) 2] (BPh^) ^  would  be  weakly  anti- 
ferromagnetic,  however,  it  appears  possible  to  ration¬ 
alize  the  exchange  in  this  compound  relative  to  that 
in  the  azide  compound. 

If  we  continue  the  analysis,  then,  in  the  case  of 
tne  thiocyanate-  and  selenocyanate-bridged  dimers  the 
transition  from  strong  symmetry  to  strong  antisymmetry 
has  reacned  tne  point  wnere  the  nickel-bridge  bonding 
at  the  sulfur  or  selenium  atom  is  closely  approacning 
90°.  Because  the  bonding  at  the  nitrogen  atom  is 
still  close  to  180°,  ferromagnetic  pathways  develop 
and  tne  net  interaction  can  and  does  become  ferromag¬ 
netic.  We  do  not  really  Know  the  aetails  of  tne  geom¬ 
etry  of  tne  selenocyanate  bridging  unit,  mit  it  is 
reasonable  to  assume  that  tne  geometry  is  closest  to 
tnat  for  tne  thiocyanate  case. 

before  accepting  this  angularity  or  syinmetry  ex¬ 
planation  of  tne  observed  exchange  effects,  there  are 
three  other  considerations  which  must  be  discussed:  ' 

1.  Is  the  exchange  propagated  through  a  u-bonding  or 
TT-nonding  patnway?,  2.  Ooes  tne  non-planarity  of  tne 
bridging  system  affect  the  symmetry  arguments?  and, 

3.  Wnat  role  mignt  tne  Ni-X  (X=C ,d ,S)  distance  play? 

Tne  third  question  in  effect  amounts  to  wnetner  or 
not  tne  di-X  overlap  integrals  vary  greatly  for  tne 
distances  of  Wi-0=2.34,  di-s=2.ol,  ana  di-W=2 . 02A. 

These  distances  are  a  result  of  minimization  of  the 
energy  of  each  system  with  respect  to  overlap,  orbital 
energy,  and  nuclear  repulsion,  ana  as  such  tne  distances 
obtained  are  at  least  partially  adjusted  on  tne  basis 
of  overlap.  The  overlap  integrals  certainly  do  not 
vary  as  rnuen  as  tne  distances  would  tend  to  indicate. 

It  cannot  be  denied  that,  in  comparison  to  the  Wi-N 
bond  in  tne  azide,  tne  longer  di-0  bond  in  tne  cyanate 
may  contribute  to  a  lessening  of  tne  exchange  interac¬ 
tion.  Certainly  tne  change  of  sign  of  J  down  tne 
series  is  not  a  reflection  of  differences  in  di-X  dis¬ 
tances  . 

Tne  effect  of  differences  in  planarity,  as  guaged 

by  the  dihedral  angle  (j)  between  the  Ni-XYZ  and  XYZ-Ni' 

planes,  is  difficult  to  judge.  For  the  thiocyanate 

and  cyanate  systems  (J)  is  close  to  0°,  whereas,  for  the 

azide  (j)  is  38.4°.  These  Changes  seem  to  parallel  an 

expected  increase  in  "allene-like"  character  of  the 

bridge  unit.  In  reference  to  possible  o-overlaps  of 

tne  metal  d  2  2  orbitals  with  TT-symmetry  bridge 

x  y 
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orbitals,  it  seems  reasonable  that  for  0°<(})<900,  molec¬ 
ular  orbitals  incorporating  in  a  continuous  bonding 
way  both  metal  character  and  and  P  type  Tt-orbitals 
on  the  bridge  would  exist.  The  38. 4°  aihedral  angle 
of  tne  azide  dimer  could,  in  part,  lead  to  a  larger 
antiferromagnetic  exchange.  An  analysis  of  tne  dihe¬ 
dral  angle  effect  is  presented  in  greater  detail  for 
two  nickel-azide  compounds  in  a  recent  paper  (!5)  and  it 
is  argued  that  tne  dihedral  angle  differences  are  not 
in  the  present  case  a  major  geometric  factor. 

Consideration  of  tne  first  question  revolves 
around  whether  the  excnange  interaction  is  of  a  first- 
order  a-exchange  type  or  a  higner-order  "promoted" 
electron  ir-exchange.  The  unpaired  "nickel  d-electrons" 
are  in  d  2  2  and  d  2  type  orbitals,  which  are  sigma 

in  construction.  If  there  is  overlap  between  these 
metal  d-orbitals  and  the  appropriate  sigma  bridge 
orbitals,  then  potentially  viable  a-exchange  pathways 
are  present,  and  it  is  such  a  mechanism  that  we  believe 
is  present.  In  the  promotion  u-exchange  mechanism 
one  of  the  unpaired  nickel  electrons  is  promoted  (con¬ 
figuration  interaction  with  an  excited  state)  into  a 
it- type  d-orbital  (eg.  ,  d  )  and  this  allows  an  overlap 
(ie.  ,  interaction)  via  the  ir-system  of  the  bridge.  The 
nature  of  say  the  dxz-P  (bridge)  interaction  would  not 
be  expected  to  cnange  significantly  as  a  function  of 
Ni-uridge  angle,  and  certainly  not  sucn  as  to  affect 
tne  sign  of  the  exchange  interaction.  Moreover,  in  a 
valence  bond  description  (eg.  ,  sp  hybrids  on  the  0  and 
N  atoms  of  OCN  and  sp  hybridization  at  the  carbon) , 
tne  Tt-system  of  the  bridge  would  involve  an  orthogon¬ 
ality  at  the  carbon  atom.  To  the  extent  that  this 
description  is  accurate,  the  excited  state  ir-excnange 
pathway  is  ineffective. 

To  account  quantitatively  for  all  factors  con¬ 
tributing  to  tne  observed  exchange  interactions  is  at 
this  time  impossible  in  that  to  do  so  would  require  a 
thorough  understanding  of  the  bonding  involved. 

Copper (II)  Dimers 

We  have  found  that  tne  copper  compounds  prepared 
under  identical  conditions  are  not  inner-sphere 
bridged  dimers.  The  copper  dimers  are  what  we  shall 
call  "outer-sphere"  dimers.  The  single-crystal  X-ray 
structures  of  the  cyanate  and  cyanide  copper  compounds 
nave  been  determined.  Figure  6  gives  an  ORTEP  drawing 
of  tne  copper-cyanate  dimer,  ie. ,  [Cu2(tren)2- 
(NCO) .  Tne  remarkable  feature  of  this  dimer  is 
tnat  tne  two  halves  of  tne  cyanate  aimer  are  bridged 
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solely  by  weans  of  two  N— H-  •  *0  nydrogen-bonding  con¬ 
tacts  between  a  cyanate  oxygen  and  a  tren  nitrogen  on 
the  second  copper  center.  The  bridging  hydrogen  could 
not  be  seen,  but  its  position  can  be  calculated  to  be 
frow  the  d-0  vector.  Eacn  copper  atom  in  tne 
cation  is  trigonal  bipyramidally  coordinated  wita  tren 
occupying  foyr  sites  [Cu-N=2 . 076  (5)  ,  2.090(5),  2.119(5) 
and  2.083 (5) A]  and  witn  an  axial  carbon-bonded  cyanide 
[Cu-CN=1. 967 (7)  and  C-N-l. 127 (9) A] .  The  trigonal  bi¬ 
pyramids  are  distorted  from  perfect  three-fold  sym¬ 
metry. 

Following  tne  elucidation  of  tne  structural  char¬ 
acteristics  of  tnese  copper  outer-spnere  dimers,  we 
nave  set  about  the  task  of  constructing  an  extended 
series  of  sucn  copper  dimers  in  order  to  study  wnat  we 
consider  to  be  a  solid  state  analog  of  solution-state 
outer-spnere  electron  transfer  as  assisted  by  various 
anions.  Przystas  and  Sutin  (9^)  have  studied 

several  outer-sphere  redox  reactions  as  tney  are  in¬ 
fluenced  in  solution  by  added  anions.  Perhaps  tne 
nydrogen-bonding  contact  that  is  present  in,  for  ex¬ 
ample,  [Cu2  (tren)  2  (NCO)  2]  (bPii4)  2,  is  sufficient  to  es¬ 
tablish  an  electron  transfer  between  the  copper  centers. 
If  this  is  the  case  and  if  we  can  measure  the  exchange 
parameter  J,  then  we  could  study_the  effects  of  chang¬ 
ing  the  bridge  (ie.  ,  CiM~  for  OCW~)  on  the  exchange 
parameter  J  and  therefore  on  the  outer-sphere  electron 
transfer  rate. 

We  nave  verified  tnat  this  same  nydrogen-bonding 
association  is  found  for  a  series  of  copper  compounds. 
Figure  7  shows  an  ORTEP  drawing  of  the  outer-sphere 
dimeric  cation  in  [Cu2 (tren) 2 (CN) 2] (BPn4) _  (10). 

Again  we  have  essentially  trigonal  oipyramidaT  copper 
centers  in  an  outer-sphere  association.  Inspection  of 
the  details  of  packing  tnese  outer-sphere  dimers  witn 
BPh.  anions  shows  that  tne  dimers  are  reasonably 
isolated  by  the  very  large  counterions.  As  might  be 
expected,  excnange  interactions  are  relatively  weak  for 
these  outer-spnere  systems.  Figure  8  illustrates  the 
susceptibility  and  effective  moment  curves  for  the 
copper-cyanide  dimer.  As  can  be  seen  there  is  no  sign 
of  an  interaction  until  very  low  temperatures.  How¬ 
ever,  it  is  quite  clear  that  tnere  is  an  interaction 
via  the  outer-sphere  association  in  this  compound. 
Fitting  the  susceptibility  data  to  the  usual^exchange 
equation  for  a  copper  dimer  gives  J=-1.8  cm 

Because  tne  cyanate,  thiocyanate  and  selenocyanate 
anions  are  more  extended,  it  was  anticipated  that  J 
would  be  smaller  than  tnat  for  the  cyanide.  As  such  it 
became  clear  to  us  that  we  needed  to  use  esr  to 
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Figure  6.  Molecular  structure  of  the  “dimer”  cation  in  form  1  of  [Cu/tren)i(NCO),]- 
(BPht)j  after  refinement  of  atomic  positions  with  isotropic  thermal  parameters.  Hydro¬ 
gen  bonding  contact  is  indicated  by  a  dashed  line.  ^ 


Figure  7.  ORTEP  plotting  of  [Cu,(tren),(CN),y.  Hydrogen  bonding  contact  is  indi¬ 
cated  by  a  dashed  line. 


Figure  8.  Experimental  and 
calculated  magnetic  suscepti¬ 
bility  data  for  [Cu/tren).- 
(CN)t](BPh.,)t.  Lines  are 
least-squares  fit  theoretical 
lines. 


In  Extended  Interactions  between  Metal  Ions;  Interrante,  L.: 

ACS  Symposium  Series;  American  Chemical  Society:  Washington,  DC,  1974. 


8.  Hendrickson  and  duggan  Ni,  Cu,  Co  Dimers 


87 


determine  J.  Previous  to  this  work,  singlet- triplet 
esr  transitions  have  been  reported  in  only  four  cases: 
vanadyl  ta^rate  dimer  (11)  ,  nearest-neignbor  exchange 
coupled  Cu  ions  doped  Into  a  potassium  zinc  sulfate 
lattice  (12) ,  for  a  Gd  system  (13)  ,  and  for  one  dis¬ 
crete  copper  dimer  (14). 

Figure  9  shows  an  idealized  esr  spectrum  for  the 
case  where  J  is  of  a  magnitude  that  is  comparable  to 
the  microwave  energies  ('v-0 . 3  cm-  in  X-band)  used  in  an 
esr  experiment.  The  zero- fie Id  splitting  in  our  copper 
dimers  is  small  in  comparison  with  the  exchange  para¬ 
meter  J .  By  far  the  dominant  feature  in  an  X-band 
spectrum  of  such  a  system  is  the  All  =1  transition  at 
^3200  Gauss,  represented  in  Figure  9  as  a  single  fea¬ 
tureless  derivative.  If  the  zero-field  splitting  D  is 
of  the  proper  magnitude,  a  Am  =2  transition  can  be  seen 
at  naif  the  field  value  of  the  Ams=1  transition;  the 
presence  of  tnis  feature  has  beennoted  for  several 
copper  dimers.  Tne  two  singlet-triplet  transitions  are 
indicated  in  Figure  9  as  two  transitions  whose  field 
positions  are  ±2J/g3  from  tne  intense  AMg=l  transition. 
It  is  thus  possible  to  determine  J  very  accurately 
using  esr,  if  the  J  value  is  in  the  esr  range.  As  an 
aside  it  should  be  noted  that  tne  intensity  of  the 
sing let- triplet  transition  uepends  on  (AV4J;x 
(Wj  -I-lj  )  wnere  A  is  the  copper  nuclear  hyperfine 
interaction  and  tne  Aj .  values  are  nuclear  spin  pro¬ 
jections  for  tne  two  cApper  centers.  Thus,  tnere  is  a 
slight  admixture  of  singlet  and  triplet  functions  as  a 
result  of  electron-nuclear  hyperfine. 

A  reproduction  of  tne  X-band  spectrum  of  tne 
outer-spnere  copper  cyanate  dimer  is  given  in  Figure  30. 
In  tne  345°K  spectrum  (top  tracing)  the  two  singlet- 
triplet  transitions  are  readily  seen,  one  is  close  to 
tne  A;Ig=2  transition.  Tne  two  singlet-triplet  transi¬ 
tions  are  equally  spaced  from  the  AM  =1  transition,  as 
expected,  and  their  positions  give  a  |j|  value  of 
0.09  cm  .  When  the  temperature  of  [Cu2 (tren) 2 (NCO) 2J 
( iBPh 4 )  2  is  lowered  to  95°K,  tne  two  singlet-triplet 
features  move  to  ni-jner  and  lower  field  positions, 
respectively,  and  at195°K  the  value  of  |j|  is  calcu¬ 
lated  to  be  0.16  cm  .  We  nave,  in  fact,  measured  tne 
temperature  dependence  of  J  for  this  compound  and  will 
report  on  tnis  in  a  later  paper  (£)  . 

Thus ,  with  a  combination  of  esr  and  variable- 
temperature  magnetic  susceptibility  we  have  determined 
tne  J  values  for  a  series  of  outer-sphere  copper 
dimers : 
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X 


[Cu2  (tren)  2  (X)  2J  (uPn4)  2 

J (cm-1) 


V 

SeCw 

— 

sew 

0.05  -  0.07 

(I) 

ocw 

0.09  -  0.17 

(II) 

00  W 

0.05  -  0.06 

cw 

1.9 

01 

3.2 

Br 

3.5 

For  tne  azide  and  selenocyanate  compounds  we  have  not, 
as  yet,  been  able  to  determine  J;  however,  in  both 
cases  no  signs  of  exchange  interaction  are  seen  in  the 
susceptibility  to  4.2°K  nor  are  there  any  weak  singlet- 
triplet  esr  transitions.  Various  physical  data  on  the 
SeCN  compound  indicate  that  it  is  isostructural  with 
the  cyanide  and  cyanate.  Tne  crystallography  of  the 
copper  azide  system  is  being  pursued  by  Prof.  Oort 
Pierpont.  X-ray  precession  work  on  the  SOW  ,  Cl  ,  and 
Br  compounds  indicates  tnat  tney  are  also  outer- 
sphere  copper  dimers .  The  thiocyanate  compound  shows 
sing let- trip let  transitions  in  its  X^band  esr  spectra, 
from  which  we  calculated  |j|=0.05  cm-  at  345°K  and 
| J | =0 .06  cm  at  95°K.  There  are  two  crystalline  forms 
of  tile  copper  cyanate  compound;  we  nave  only  determined 
the  X-ray  structure  of  the  form  labelled  I.  Botn  forms 
exnibit  sing let- triplet  transitions.  It  is  perhaps 
relevant  to  point  out  that  [Ni2 (tren) 2 (NCO) 2J  (BPh4) 2 , 
even  though  it  is  composed  of  inner-sphere  dimers, 
also  has  two  different  forms.  Apparently,  there  are 
two  ways  of  packing  sucn  dimers  with  the  tetraphenyl- 
borate  ion. 

The  halide-bridged  outer-sphere  dimers  show  the 
strongest  interactions.  The  antiferromagnetic  ex¬ 
change  interactions  are  large  enough  to  easily  discern 
with  magnetic  susceptibility  to  4.2°K.  However,  it  is 
interesting  and  at  the  same  time  puzzling  that  the 
bromide  and  chloride  bridges  support  approximately  the 
same  magnitude  of  interaction  if  these  interactions 
are  propagated  through  hydrogen  bonds.  The  X-ray 
crystal  structure  of  the  chloride  compound  is  presently 
being  worked  on.  Work  (both  experimental  and  theoreti¬ 
cal)  continues  on  these  copper  outer-sphere  systems  to 
understand  tne  relationship  between  the  "outer-sphere" 
exchange  studies  and  the  many  reportings  of  "anion- 
assistance"  of  outer-sphere  solution  redox  processes. 
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Figure  9.  Idealized  energy  level  scheme  and  esr  spectrum  for  two 
S  —  1/2  systems  interacting  to  show  both  zero-field  splitting  (D)  and 
exchange  coupling  (}).  Allowed  transitions  (AM,  —  1)  are  shown  as 
large  derivative  feature  in  the  spectrum  whereas  formally  forbidden 
(AM,  =  2  and  singlet  to  triplet  state)  transitions  are  shown  at  an  in¬ 
creased  spectrometer  gain  (i.e.,  n  times  greater). 


Figure  10.  Temperature  dependence  of  all  visible  features  in  the  X-band  (9  GHz)  esr 
spectrum  of  [CuiftrenJifNCO/^fBPh/Ji,  form  I 
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Cobalt  ( 1 1 )_  and  Mangane  se  (II )_  Dimers 

Schlenk  tube  techniques  have  been  used  to  prepare 
a  series  of  nigh-spin  cobalt (II)  complexes  with  the 
general  composition  of  [Co2 (tren) » (X) „ ] (BPh 
electronic  absorption  and  Infrared  spectra 
somewhat  air-sensitive  cobalt (II)  complexes  indicate 
that  the  complexes  are  five-coordinate,  probably  tri¬ 
gonal  bipyramidal  (TBP) .  The  magnetic  susceptibility 
curves  indicate  an  attenuation  of  magnetism  at  low- 
temperatures.  However,  because  zero-field  interaction 
could  be  substantial  in  such  a  five- coordinate  Co (II) 
species,  it  is  not  possible  to  easily  extract  the  ex¬ 
change  parameter  J  from  a  fitting  of  the  data.  In 
agreement  with  this  statement  is  our  finding  that  the 
magnetism  for  five-coordinate  [Co(tren-Meg)Cl]Cl  also 
indicates  a  low- temperature  attenuation. 

Our  attack  on  the  cobalt(II)  systems  has  been  one 
of  fitting  the  observed  electronic  spectra  to  ligand 
field  equations  for  a  trigonal  bipyramidal  complex, 
followed  by  attempts  using  the  ligand  field  parameters 
to  fit  the  susceptibility  data  to  the  equations  for  a 
monomeric  TBP  cobalt (II)  complex  with  a  reasonable 
spin-orbit  interaction.  Preliminary  work  shows  that 
this  does  not  work  as  well  as  fitting  the  magnetic  data 
to  an  effective  spin  Hamiltonian  for  an  S'  =  3  Co (II) 
dimer,  including  single-ion  zero  field  splitting.  The 
ultimate  check  will  be  gauged  by  our  success  to  fit 
the  complicated  low-temperature  (4.2-90°K)  X-  and  Q- 
band  esr  spectra  we  have  measured  for  these  compounds. 
Figure  11  shows  tnree  reasons  (X-band  at  ^  15°K  for 
A  =  N“,  B  =  OCtf"  and  C  =  SCN")  why  we  are  going  to 
have  considerable  fun  analyzing  these  systems.  Em¬ 
pirically,  we  have  found  an  interesting  temperature 
dependence  in  these  esr  spectra  as  can  see  in  Figure  12 
which  shows  Q-band  spectra  at  two  temperatures  for 
[Co  (tren)2(NCO)2J (BPh.)-.  It  is  our  anticipation 
and^hope  (perhaps  using  some  of  the  machinery  set  out 
in  an  earlier  symposium  paper  by  Professor  R.L. 

Belford)  that  these  esr  spectra  hold  the  key  to  a  de¬ 
termination  of  J. 

The  cobalt  complexes  have,  after  many  attempts, 
been  found  to  be  unavailable  in  the  form  of  single 
crystals.  This  is  not  the  case  with  the  manganese (II) 
compounds  where  we  have  obtained  colorless  crystals  of 
[Mn_(tren)  (X)  ] (BPh  )  ,  where  X  =  HCO“  and  NCS". 

X-ray  crystal  structure  work  is  in  progress.  These 
Mn(II)  compounds  also  shew  an  attenuation  in  magnetism 
at  very  low  temperatures.  Large  zero-field  splittings 
in  the  esr  spectra  and  infrared  data  point  to  the 
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Figure  11.  X-band  (■ — 15°  K)  esr  spectra  for  three  high-spin  Co(II) 
compounds,  [Cos(tren)1X,](BPhi)1,  where  (A)  X  =  N3",  (B)  X  = 
OCN-,  and  (C)  X  =  SCAT. 
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Figure  14.  Room-temperature  Q-band  esr  spectrum  of  [ Mni(tren)i('NCS)t](BPh,l)i 
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presence  of  outer-sphere  dimers.  Complicated  and  ir¬ 
regular  X-band  spectra  such  as  that  for 
[Mn  (tren)  (NCO) 2] (BPh.) _  depicted  in  Figure  13  are 
clear  indicators  chat  we  are  dealing  with  dimers. 

There  are  a  considerable  number  of  features  in  this 
X-band  spectrum,  apparently  encompassing  the  whole 
10,000  Gauss  range.  The  Q-band  spectrum  of  the  thio¬ 
cyanate  compound  in  Figure  14  is  somewhat  similar  to 
the  Q-band  spectrum  of  the  cyanate  and  as  such  it 
shows  that  there  is  an  appreciable  change  in  appear¬ 
ance  upon  changing  microwave  energies. 
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Structural  and  Magnetic  Properties  of  Chromium(III) 
Dimers 

DEREK  ].  HODGSON 

University  of  North  Carolina,  Chapel  Hill,  N.C.  27514 


Introduction 


A  number  of  structural  investigations  in  our  laboratory  and 
elsewhere  have  demonstrated  that  complexes  of  stoichiometry 
[Cu(L)0H]22+,  where  L  is  a  bidentate  ligand,  contain  a  dimeric 
unit  in  which  two  copper (II)  centers  are  bridged  by  two  hydroxo 
groups  (1-5) ,  and  much  of  our  recent  research  has  been  directed 
towards  the  correlation  of  the  structural  and  magnetic  properties 
of  dimers  of  this  type  (6,7) ,  We  have  recently  extended  these 
studies  to  chromium(III)  complexes  of  the  type  [Cr (L)20H]2n+, 
where  L  is  again  a  bidentate  ligand,  and  in  this  paper  I  describe 
the  results  of  our  work  in  this  area. 

The  structures  with  which  we  are  concerned  are  molecules  or 
ions  of  the  type  shown  in  figure  1*  in  which  we  have  two  chromium 
(III)  centers  which  are  bridged  by  two  hydroxo  groups  in  a  planar 
array;  the  remaining  coordination  sites  of  the  chromium  octahe¬ 
dron  are  occupied  by  the  bidentate  ligands.  For  a  symmetric  bi¬ 
dentate  ligand,  there  are  two  possible  geometries  for  this  dimer: 
if,  in  figure  1,  atoms  AN(1)  and  AN(10),  BN(1)  and  BN(10),  etc. 
form  the  chelate  rings,  the  dimer  lacks  an  inversion  center  but 
has  approximately  D2  symmetry,  but  if,  for  example,  the  chelation 
at  Cr (1)  is  changed  to  AN(1)-BN(10)  and  BN(1)-AN(10)  while  that 
at  Cr(2)  is  unchanged  the  dimer  has  an  inversion  center  and 
approximates  C 2^  symmetry.  Each  of  these  geometries  is  found.  It 
should  be  noted,  however,  that  in  both  of  these  geometries  we 
maintain  a  planar  bridging  unit  and  octahedral  coordination  at 
the  metal.  Sinn  (8)  and  Glick  (9)  have  noted  the  influence  of  the 
geometry  at  copper  on  the  magnetic  interactions  in  copper  dimers, 
but  here  we  are  able  to  keep  the  geometry  at  the  metal  center 
approximately  constant. 

The  magnetic  properties  of  these  systems  have  been  examined 
by  my  colleague.  Professor  W.E.  Hatfield.  The  Van  Vleck  equation 
for  exchange  coupled  Cr(III)  ions  (5  =  3/2, 3/2)  can  be  written 
(10)  as 
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Xm= 

kT 


2  exp (2 J/kT)  +  10  exp (6J/kT)  +  28  exp (12 J/kT) 
1+3  exp(2*7/fcT)  +  5  exp(  6J/kT)  +  7  exp(l  ZJ/kT) 


(1) 


where  J  is  the  exchange  coupling  constant  and  -2J  represents  the 
energy  difference  between  the  singlet  ground  state  and  the  trip¬ 
let  first  excited  state.  As  a  result  of  the  presence  of  a  mani¬ 
fold  of  relatively  low-lying  paramagnetic  excited  states,  how¬ 
ever,  it  has  been  suggested  (11)  that  the  Van  Vleck  expression 
should  be  modified  by  the  inclusion  of  biquadratic  exchange. This 
gives  rise  to  the  Hamiltonian 


Hq  =  -2J(SvS2)-j(SyS2)2 


and  the  expanded  expression  becomes 


v  _ 

*m "  kT 


x 


(2) 

(3) 


2  exp[  (2J-6.5.7)  /kT}+  10  exp f  ( 6.7-13. 5.7) /kT]  +  28  expf  (12J-9.i)/kT] 
1.0+3  exp[ (2J-6.5J) /kT]  +  5  exp [ (6J+13. 5j ) /kT]+7  exp[(l 2J-9j)/kT] 


In  this  modified  form  of  the  Van  Vleck  equation,  the  energy  se¬ 
paration  between  the  singlet  ground  state  and  triplet  first 
excited  state,  AE,  is  -2 J  +  6.5 j. 

Since  it  is  our  aim  to  correlate  structural  and  magnetic 
properties,  this  discussion  deals  only  with  complexes  whose 
structures  have  been  precisely  determined  and  does  not  include 
the  large  number  of  complexes  (12-16)  for  which  only  magnetic 
data  are  available. 

Glycinato  Complex 

The  first  structure  which  was  determined  was  that  of  the 
glycinato  complex  [Cr(gly)20H]2  ,  which  crystallizes  in  the  mono¬ 
clinic  space  group  P2j/n  with  two  dimers  Jn  a  cell  of  dimensions 
a  =  5.691(3),  b=  16.920(9),  c  =  7.900(4)  A,  and  B  =  79.90(3)° 
(17,18) .  With  only  two  dimers  in  the  cell,  it  is  apparent  that 
there  must  be  an  inversion  center  in  the  middle  of  the  dimer,  and 
that  the  molecule  must  be  of  the  approximately  C 2h  type;  an 
examination  of  the  structure,  which  is  shown  in  figure  2,  veri¬ 
fies  this  conclusion.  The  Cr-Cr  and  0-0  separations  in  the 
bridging  unit  are  2.974(2)  and  2.575(6)  A,  respectively,  and  the 
similarity  of  the  two  independent  bridging  Cr-0  bond  lengths  of 
1.966(4)  and  1.968(4)  A  demonstrates  that  the  bridging  in  this 
unit  is  symmetric.  The  structural  parameter  of  greatest  interest 
is  the  value  of  the  Cr-O-Cr  bridging  angle,  <f>,  and  in  this  case 
it  is  98.2(2)°  (18). 
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AN(I) 


Figure  1.  Coordination  about  chromiumdll )  centers  in  a  typical  dihydroxo-brulged 
dimer.  0(1)  and  0(2)  are  flic  oxygen  atoms  of  the  hydroxo  bridges.  Chelate  rings  are 
formed  by  joining  AN(1)  to  AN(10),  BN(1)  to  BS(  10).  etc.  Data  are  for  the  [Cr(phen)r 
Ollfj'  cation  in  [Cr(phen)_,OII]jlt  ■  411,0. 


Figure  2.  View  of  the  [('r(gly)jOII] ..  molecule  with  hydrogen 
atoms  omitted  (18) 
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The  low  temperature  magnetic  susceptibility  data  for  [Cr- 
(gly)20H]2  are  shown  in  figure  3,  in  which  the  dashed  line  repre¬ 
sents  the  best  least-squares  fit  to  the  unmodified  form  of  the  Van 
Vleck  expression  (equation  (1))  while  the  solid  line  represents 
the  best  least-squares  fit  to  equation  (3).  It  is  evident  that,  in 
this  case,  the  observed  susceptibility  data  are  much  more  readily 
approximated  by  the  solid  line,  i.e.  the  inclusion  of  biquadratic 
exchange  is  significant  in  this  case.  The  magnetic  susceptibility 
of  [Cr (gly) 20H] 2  maximizes  near  20°K.  The  least-squares  fitting 
process  leads  to  values  of  2 J  =  -7.4  cm--*-  and  j  =  0.04  cm--*-,  or 
AE  =  -10.0  cm--'-.  These  values  are  in  good  agreement  with  the  value 
of  U  predicted  by  Earnshaw  and  Lewis  (12)  on  the  basis  of  high 
temperature  susceptibility  data. 

Phenan thro line  Complexes 

The  second  complex  whose  structure  was  determined  was  the 
1,10-phenanthroline  complex  [Cr (phen) 20H] 2C1.4 ■ 6H20.  This  complex 
crystallizes  in  the  triclinic  space  group  PI  with  two  dimers  in0a 
cell  of  dimensions  a  =  14.056(7),  b  =  11.296(6),  a  =  18.990(9)  A, 
a  =  87.15(3),  6  =  107.63(2),  and  y  =  74.68(3)°  (19).  With  two  di¬ 
mers  in  Pi,  no  crystallographic  symmetry  is  imposed  on  the  system, 
and  this  structure  is  an  eighty  atom  problem,  not  counting  the 
hydrogen  atoms!  The  structure  of  the  cation  is  shown  in  figure  4, 
and  it  is  apparent  that  this  ion  closely  approximates  P2  symmetry; 
there  is  no  inversion  center,  but  there  are  three  approximate  two¬ 
fold  axes.  If  the  dimer  attempted  to  adopt  the  approximately  C2 h 
geometry  found  in  the  glycinato  complex,  there  would  be  very  se¬ 
vere  proton-proton  interactions  across  the  dimer,  e.g.  between  the 
phenanthroline  group  labeled  G2  and  that  labeled  G3.  Hence,  for 
the  bulky  phenanthroline  ligand,  only  the  P2  geometry  is  steri- 
cally  feasible. 

The  coordination  about  the  chromium (III)  atoms  is  shown  in 
figure  5.  The  Cr-Cr  separation  of  3.008(3)  A  is  a  little  larger 
than  that  in  the  glycinato  complex,  and  this  change  is  due  to  an 
increase  of  approximately  4.5°  in  the  value  of  the  bridging  angle, 
<j).  Thus,  in  this  phenanthroline  complex  the  average  value  of  <J>  is 
102.7°,  while  in  the  glycinato  complex  <f>  is  98.2°  (vide  supra). 

The  low  temperature  magnetic  susceptibility  of  [Cr(phen)2- 
0H]2Cl4'6H20  exhibits  a  maximum  near  110°K,  and  the  best  least- 
squares  fit  to  equation  (3)  gives  a  value  of  AE  of  approximately 
-55  cm"'-  (20).  Single  crystal  epr  examinations  of  this  complex  are 
currently  nearing  completion. 

The  magnetic  data  for  this  chloride  salt  of  the  phenanthro¬ 
line  complex  are  of  considerable  interest  since,  on  the  basis  of 
high  temperature  measurements,  Earnshaw  and  Lewis  (12)  have  cal¬ 
culated  that  the  corresponding  iodide  salt  has  a  AE  of  approxi¬ 
mately  -14  cm--'-.  Hence,  if  our  contention  that  the  magnetic  pro¬ 
perties  of  di-hydroxo-bridged  dimers  are  principally  determined  by 
the  geometry  of  the  bridge  were  correct,  it  appeared  that  the  geo¬ 
metry  of  the  iodide  salt  must  be  considerably  different  from 
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Figure  3.  Temperature  variation  of  the  magnetic  susceptibility  of  [Cr(gly)tOH~\ 
Dashed  line  represents  the  best  fit  to  equation  (1 );  solid  line  represents  the  best  fit  to 

equation  (3)  (see  text)  (18). 


Figure  4.  View  of 
the  cation  in 


[ Cr(phen)tOH ]  tClt 
■  6HtO  (19) 
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that  of  the  chloride.  Hence,  we  also  examined  the  structure  of 
the  iodide  salt,  [Cr (phen^OH] 2I4 *4^0. 

The  iodide  salt  also  crystallizes  in  the  triclinic  space 
group  PI  with  two  dimeric  units  in  a  cell  of  dimensions  a  = 
11.464(12),  b  =  9.893(11),  e  =  22.757(25)  A,  a  =  90.06(2),  8  = 
93.04(2),  and  y  -  82.82(2)°  (21) .  The  structure  of  the  cation, 
which  is  shown  in  figure  6,  is  very  similar  to  that  found  in  the 
chloride  salt,  with  the  bulky  phenanthroline  ligands  again  forc¬ 
ing  the  dimer  to  adopt  the  roughly  D 2  geometry.  The  inner  coor¬ 
dination  sphere  for  this  dimer  is  shown  in  figure  1>  and  a  com¬ 
parison  of  this  figure  with  figure  5  demonstrates  that  the 
[Cr  (phen^OH^4"*’  units  in  these  two  salts  are  structurally  sub¬ 
stantially  similar  (21) .  Thus,  for  example,  the  Cr-Cr  separation 
and  Cr-O-Cr  bridging  angle  of  2.986(4)  A  and  102.2(2)°,  respect¬ 
ively,  in  the  iodide  salt  probably  do  not  differ  significantly 
from  the  values  (19)  of  3.008(3)  A  and  102.7(5)°  in  the  chloride 
analog . 

This  structural  result  is,  clearlyj inconsistent  with  the 
magnetic  properties  reported  by  Earnshaw  and  Lewis  (12) ,  and  so 
we  have  reexamined  the  magnetic  susceptibility  of  the  iodide  salt 
(22) .  The  low  temperature  susceptibility  data  are  shown  in  figure 
7,  in  which  the  solid  line  represents  the  best  fit  to  the  Van 
Vleck  equation  modified  by  the  inclusion  of  biquadratic  exchange. 
The  magnetic  susceptibility  of  [Cr(phen)20H]2l4‘4H20  is  seen  to 
maxmize  near  110°K,  and  the  least-squares  fit  to  equation  (3) 
yields  2J  -  -43.8  cm-*-,  j  =  +1.5  cm--*-,  and  AE  =  -53.6  cm-1  (22) . 
These  values  are  very  similar  to  those  obtained  (20)  for  the 
chloride  but  are  substantially  different  from  the  value  of  AE  = 
-14  cm--*-  reported  by  Earnshaw  and  Lewis  (12) .  Moreover ,  the  sim¬ 
ilarity  between  these  results  and  those  for  the  chloride  salt 
is  consistent  with  the  similarity  of  the  two  structures  noted 
above.  It  is,  however,  noteworthy  that  while  the  magnetic  pro¬ 
perties  of  the  corresponding  nitrate  salt,  [Cr(phen)20H]2(N03)4* 
7H2O,  with  values  of  2J  =  -42.2  cm-*-,  3  =  0.0  cm  ,  and  AE  = 

-42.2  cm-*-  (23)  are  substantially  similar  to  those  of  the  chlo- 
ide  and  iodide  salt,  the  bromide  salt,  [Cr  (phen)2  OHJ2  Bij,  "8H20, 
apparently  undergoes  a  weaker  interaction  with  values  of  2*7  = 
-29.2  cm-  ,  j  =  0.5  cm-*-,  and  AE  =  -32.5  cm-*-  (23) .  It  would 
appear,  therefore,  that  the  cation  in  the  bromide  salt  may  in¬ 
deed  be  structurally  different  from  that  in  the  chloride  and 
iodide  cases,  but  no  structural  data  are  available  to  confirm 
or  deny  this  hypothesis. 

Oxalato  Complex 

The  final  structure  of  this  type,  which  has  recently  been 
completed  in  our  laboratories,  is  that  of  the  oxalato  complex 
Na  [Cr(0X)20H]2*6H20.  This  material  crystallizes  in  the  mono¬ 
clinic  space  group  P2j/c  with  four  dimers  in0a  cell  of  dimensions 
a  =  19.530(12) tb  =  9.860(7),  <7  =  12.657(10)  A,  and  8  =  106.93(4)? 
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Acta  Crystallographies 


Figure  .5.  Coordination  about  tlw  chromium(ill)  centers  bt  [Crfplwn^Oin.CI.  ■ 
(ill ,0.  Chelate  rings  are  formed  by  joining  atoms  1X1  to  1N10,  2X1  to  2X10,  etc. 

(19). 


Figure  (i.  View  of  the  cation  in  [Cr(phen),OI /]  ,1 5  •  4IIjO 
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While  no  crystallographic  symmetry  is  required  for  four  dimers  in 
this  cell,  it  transpires  that  each  dimer  sits  on  a  crystallograp¬ 
hic  inversion  center  so  that  there  are,  in  effect,  two  separate 
independent  "half-dimers"  in  the  cell  rather  than  one  independent 
dimer.  Hence,  of  course,  the  geometry  of  the  anion  must  be  of  the 
C2h  type  rather  than  the  D 2  type.  The  structure  of  the  anion  is 
shown  in  figure  8,  the  bond  lengths  and  angles  given  being  the 
average  of  the  values  obtained  for  the  two  independent  halves;  the 
agreement  between  these  two  independent  measurements  is  excellent 
(24) .  The  values  of  the  Cr-Cr  separation  of  3.000  A  and  the  Cr-0- 
Cr  angle  of  99.6(3)°  are  intermediate  between  those  for  the  gly- 
cinato  and  phenanthroline  complexes.  Hence,  while  the  only  magnet¬ 
ic  data  available  at  present  are  the  room  temperature  values  (p= 
3.43  pB)  obtained  on  the  tetrahydrate  (13) ,  it  is  evident  that  the 
value  of  AE  for  this  complex  must  lie  between  -10  and  -53  cm~l  if 
there  is  a  simple  correlation  between  AE  and  <p. 

Interpretation 

The  structural  and  magnetic  data  described  above  are  correl¬ 
ated  in  figure  9,  in  which  the  singlet-triplet  splitting  AE  is 
plotted  against  the  bridging  angle  a  similar  plot  for  the 
analogous  copper (II)  dimers  [Cu(L)0H]22+  is  also  included  in 
figure  g#  An  examination  of  the  chromium  data  suggests  that  the 
oxalato  complex  Na4[Cr(0X)20H]2'6H20,  which  has  a  of  99.6° 

(vide  supra) ,  should  have  a  AE  of  approximately  -25  cm"'-.  Figure 
9  is  noteworthy  for  two  separate  reasons:  firstly,  because  for  a 
given  metal  there  is  apparently  an  almost  linear  correlation 
between  AE  and  <p,  and  secondly  because  the  slope  of  the  AE  vs.  <J> 
plot  for  the  chromium(III)  complexes  is  considerably  smaller  than 
that  for  the  copper (II)  complexes.  Each  of  these  features  is 
readily  explained  in  terms  of  simple  bonding  theory. 

The  correlation  between  AE  and  <t>.  The  correlation  noted 
can  be  explained  in  terms  of  valence  bond  theory  and  the  princi¬ 
ples  of  super  exchange (25) . If  the  orbitals  used  by  the  bridging 
oxygen  atoms  are  pure  p  orbitals,  the  bond  angle  is  expected  to 
be  90°  and  the  ground  state  is  predicted  to  be  a  triplet  (i.e. 

AE  >  0);  if  the  orbitals  are  purely  s  ,  the  ground  state  is  pre¬ 
dicted  to  be  a  singlet  (i.e.  AE  <  0) .  Hence,  since  an  increased 
value  of  the  bridging  angle  implies  greater  s  character  in  the 
bridging  orbitals,  we  would  expect  a  decrease  in  AE  as  the  brid¬ 
ging  angle  is  increased  from  90°.  For  the  six  copper  and  three 
chromium  cases  which  have  been  studied  in  detail,  this  trend  is 
observed  (2) . 

This  correlation  can  also  be  expressed  in  terms  of  molecular 
orbital  theory.  The  M-O-M-O  ring  is  of  approximate  symmetry 

in  these  molecules,  with  the  x-axis  defined  as  the  Cu-Cu  direct¬ 
ion  and  y-axis  parallel  to  the  0-0  vector  (26) .Neglecting  oxygen 
S  orbitals,  the  eight  a-orbitals  in  this  system  transform  in  D2h 
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Figure  7.  Temperature  variation  of  the  magnetic  susceptibility  of  [Cr( phenfjOH]  J • 
4HiO.  Solid  line  represents  the  best  fit  to  equation  (3)  (see  text). 


Figure  8.  View  of 
the  anion  in  Na 
[ Cr(ox)tOH]i  ■ 
6HiO.  Data  are  the 
average  values  of 
the  two  crystallo- 
graphically  inde¬ 
pendent  dimers. 
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Figure  9.  M-O-M  bridging  angle ,  tf>  (abscissa)  vs.  the  singlet-triplet  splitting  energy, 
a£  (ordinate)  for  dihydroxo-bridged  complexes  of  Cu  (steeper  line)  and  Or  (flatter  line) 
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Figure  10.  Molecular  orbital  diagram  for  the  a-orbitals  in  the  Cr- 
O-Cr  ring,  assuming  D,*  symmetry  and  a  Cr-O-Cr  angle  of  90° 
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Figure  II.  Molecular  orbital  diagram  for  the  a-orbitals  in  the  Cr- 
O-Cr  ring,  assuming  D.,(,  symmetry  and  a  Cr-O-C.r  angle  considerably 
greater  than  90 


Figure  12.  Comparison  of  the  overlap  between  the  metal  orbitals 
containing  the  unpaired  spin  and  the  p  orbitals  on  the  bridging 
ligand  for  copper(II)  and  chrornium(III) 
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symmetry  as  24g  +  2Bjg  +  2B2U  +  2 S3  ,  and  there  are  bonding  and 
anti-bonding  combinations  with  all  ^our  of  these  symmetries.  On 
the  assumption  that  only  oxygen  p  orbitals  participate,  the  A ~ 
and  S3U  molecular  orbitals  would  have  identical  energies  when  the 
Cr-O-Cr  angle  was  90°,  as  would  the  Big  and  #2u  orbitals. This  sit¬ 
uation  is  depicted  in  figure  10,  which  demonstrates  that  this  ten 
electron  system  (for  chromium)  must  give  rise  to  a  triplet  ground 
state.  As  the  Cr-O-Cr  angle  increases,  however,  the  overlap  of 
the  A g  and  Bjgcombinations  increases  relative  to  that  of  the  S3U 
and  B 2U  combinations.  Hence,  the  orbital  degenercies  in  figure  10 
are  lifted,  and  at  sufficiently  large  values  of  <t>  the  molecular 
orbital  diagram  shown  in  figure  11  becomes  operative.  At  these 
larger  bridging  angles,  the  splitting  of  the  S3U*  and  A*  orbitals 
is  sufficient  to  overcome  the  pairing  energy,  and  the  singlet 
state  becomes  the  ground  state.  This  molecular  orbital  view, 
therefore,  is  analogous  to  the  valence  bond  approach  above,  and 
the  experimental  data  may  be  interpreted  on  this  basis;  presum¬ 
ably,  figure  11  becomes  appropriate  at  4>  values  greater  than 
approximately  97.6°,  while  at  angles  between  90°  and  97.6°  the 
splitting  between  the  B3U*  and  A  *  orbitals  is  less  than  the 
pairing  energy,  and  so  the  triplet  state  remains  lower  in  energy 
than  the  singlet  ( i.e .  AE  remains  positive)  (27) .  Unfortunately, 
for  chromium(III)  complexes  of  this  general  type  there  are  no 
examples  of  positive  AE  values,  but  the  presence  of  the  triplet- 
ground  state  complexes  in  the  copper (II)  series  lends  strong 
support  to  this  hypothesis.  Moreover,  of  course,  examination  of 
the  copper (II)  line  in  figure  9  suggests  that  the  ground  state  is 
the  triplet  if  <t>  <  97.6°;  hence,  since  for  the  chromium  complexes 
the  smallest  value  of  <j>  yet  obtained  is  98.2°,  none  of  the  chrom¬ 
ium  complexes  examined  in  detail  is  predicted  to  have  a  positive 
value  of  J  (or  AE) . 

The  Slopes  of  the  Cr  and  Cu  Lines.  In  the  copper (II)  complex¬ 
es  the  unpaired  spin  resides  principally  in  atomic  orbitals  which 
point  directly  at  the  bridging  oxygen  ligands  (the  dXy  orbitals 
in  figure  10,  but  more  conventionally  dx2-y2  since  the  usual 
axial  system  is  different  from  that  forced  upon  us  in  02 h  symme¬ 
try),  while  in  the  chromium(III)  complexes  the  unpaired  spin  is 
in  t2g  orbitals  which  point  between  the  bridging  atom;  this  dis¬ 
parity  is  demonstrated  pictorially  in  figure  12.  Hence,  since  the 
overlap  between  the  bridging  orbitals  and  the  metal  orbitals 
containing  the  unpaired  spin  is  much  poorer  for  the  chromium  com¬ 
plexes  than  for  the  copper  complexes,  we  predict  that  the  magni¬ 
tude  of  the  spin-spin  interaction  should  be  greater  for  copper 
than  for  chromium.  Hence,  at  a  given  value  of  <}> ,  we  predict  that 
the  magnitude  of  AE  for  copper  is  greater  than  that  for  chromium, 
i.e.  that  the  slope  of  the  line  for  copper  is  greater  than  that 
for  chromium;  this  result,  of  course,  is  exactly  what  is  seen  in 
figure  9. 
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Superexchange  Interactions  in  Copper(II)  Complexes 

WILLIAM  E.  HATFIELD 

University  of  North  Carolina,  Chapel  Hill,  N.C.  27514 


This  paper  represents  a  brief  survey  of  superexchange  inter¬ 
actions  (1)  in  copper (II)  complexes  with  special  emphasis  on 
research  at  the  University  of  North  Carolina,  which  is  princi¬ 
pally  concerned  with  structural,  magnetic  susceptibility,  and 
EPR  measurements.  The  systems  to  be  discussed  include  (I)  a 
series  of  hydroxo-bridged  complexes  of  the  general  formula 
[CuL (OH) ]2X2 -nl^O,  where  L  is  a  bidentate  amine  such  as  2,2'- 
bipyridine  or  an  N-substituted  2-(2-aminoethyl)pyridine;  (II)  a 
series  of  chloro-bridged  dimers  including  [Co(en)3)2 [Cu2Cl8]Cl2* 
2H2O,  [Cu2 (guaninium^Clg ] ,  [Cu2 (a-picoline)4Cl4 ] ,  and  [Cu2(di- 
methylglyoxime) 2CI4 ] ;  and  (III)  the  compound  [Cu(pyrazine) (NO3) 2 ] n 
and  related  chains. 

Since  most,  if  not  all,  of  the  copper (II)  complexes  to  be 
considered  have  orbitally  nondegenerate  single-ion  ground  states 
the  Hamiltonian  appropriate  for  the  problem  is 

H  =  -2JI  S'?  (1) 

i  <j  3 

For  those  cases  in  which  antisymmetric  exchange  and  anisotropic 
exchange  become  important  the  following  terms  may  be  added  to 
(1): 


s .xs .  +  s . •  r . . * 

1  j  1  _ij 


j 


where  D^.  is  the  antisymmetric  vector  coupling  constant  and 
is  the  aAisotropic  coupling  tensor.  For  orbital  singlet  single^ 
ions  undergoing  exchange,  Moriya  (2_)  has  estimated  that 


D„  . — '(Ag/ g) J 

and 


— '  (Ag/g)2J 

where  Ag  =  [ g— 2 [ •  For  many  copper  compounds  Ag  is  approximately 
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0.1,  so  | D | —  5  cm~l  for  J  =  100  cm“l.  There  is  no  limit  on  the 
magnitude  of  D  and  F  for  orbitally  degenerate  single  ion  states 
undergoing  exchange,  and  a  suggestion  has  been  made  that  this 
may  be  an  appropriate  approach  for  the  rationalization  of  the 
magnetic  properties  of  the  tetramers  [CU4OX4L4].  (3)  These  pro¬ 
blems  will  be  discussed  here. 


I.  Di-y-Hydroxo-bridged  Copper(II)  Complexes 


It  has  been  known  for  some  time  that  copper (II)  forms  com¬ 
plexes  of  the  type  [CuL0H]2X2  ,  where  L  is  a  bidentate  amine  and 
X-  is  an  appropriate  counterion.  (4-8)  These  complex  ions  may  be 
described  as  two  planar  or  tetragonal  pyramidal  units  sharing  an 
edge  which  is  defined  by  two  bridging  hydroxo  oxygen  atoms.  The 
magnetic  properties  of  the  compounds  give  evidence  for  exchange 
interactions  which  differ  widely.  From  a  close  examination  of 
the  structural  and  magnetic  data  for  six  of  these  compounds  it 
has  been  possible  to  identify  some  of  the  factors  which  influence 
the  exchange  interactions,  and  the  results  of  that  study  will  be 
reviewed  here.  The  chemical  and  structural  features  which  will  be 
examined  include 

1)  the  nature  of  the  chelating  amine. 

2)  the  copper-oxygen  (hydroxo)  bond  distance. 

3)  the  nature  of  any  out-of-plane  coordination. 

4)  the  geometry  of  the  basal  plane. 

5)  the  single  ion  ground  state. 

6)  hydrogen  bonding  by  the  hydroxo-bridge  hydrogen  atom. 

7)  the  Cu-Cu  separation. 

8)  the  Cu-O-Cu  bridge  angle. 

Magnetic  parameters  have  been  obtained  from  analyses  of  EPR 
spectra,  and  from  the  temperature  variation  of  the  magnetic  sus¬ 
ceptibility.  The  latter  is  characteristic  of  exchange  coupled 
copper(II)  pairs  and  the  singlet-triplet  splittings  have  been 
determined  by  fitting  the  data  to  the  Van  Vleck  equation 


X 


m 


g2NB2 

3kT 


{1  +  -j  exp(-2J/kT)}  ^  +  Na 


(2) 


where  the  symbols  have  their  usual  meaning,  Na  is  the  temperature 
independent  paramagnetism,  and  the  equation  as  written  gives  the 
susceptibility  per  copper  ion.  In  some  cases  T  has  been  replaced 
by  (T-9)  to  account  for  interdimer  interactions. 


A.  Structural  and  Magnetic  Data. 

1.  Di-y-hydroxobis[N,N,N' ,N'-tetramethylethylenediamine- 
copper(II)]  bromide.  The  first  compound  of  this  type  to  be 
characterized  by  an  X-ray  crystal  structure  determination  was 
di-y-hydroxobis [N,N,N* ,N'-tetramethylethylenediaminecopper (II) ] 
bromide,  [Cu(tmen)0H]2Br2 - (9)  The  structure  of  the  formula  unit 
viewed  along  the  b-axis  is  shown  in  Figure  1  along  with  some  of 
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Figure  1.  Structure  of  [ Cu(tmen)OH]2 2*  viewed  along  the  b  axis  (adapted 

from  Ref.  9) 
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the  important  structural  parameters.  The  structural  data  are  also 
collected  for  all  compounds  of  this  type  in  Table  I.  The  Cy-N 
bond  distance  of  2.030  A,  the  Cu-0  bond  distance  of  1.902  A,  and 
the  N-Cu-N  angle  of  86.7°  are  all  normal  for  substituted  ethyl- 
enediamine  complexes.  The  coordination  aboyt  the  copper  is  square 
planar  with  the  nitrogen  atoms  being  0.14  A  out  of  the  plane  of 
the  CU2O2  unit. The  bromide  ion  is  involved  in  hydrogenobonding 
with  the  hydroxo-bridge,  since  O-Br  distance  of03.366  A  is  com¬ 
parable  to  the  O-Br  distances  of  3.39  and  3.37  A,  respectively, 
in  the  hydrogen  bonded  systems  MnBr2  *21120  and  CoB^^l^O.  The 
infrared  spectrum  also  indicates  the  presence  of  hydrogen  bond¬ 
ing  in  that  there  is  a  strong  OH  stretching  band  at  3410  cm--*- ,  a 
value  which  is  approximately  200  cm“l  lower  than  that  of  a  free 
OH  group . (10-12) 

The  magnetic  susceptibility  has  been  measured  in  the  range 
77-300°K  both  on  a  powdered  sample  and  on  a  single  crystal  along 
the  a,b,  and  c  crystallographic  axes.  (13)  The  data  were  fitted 
to  the  Van  Vleck  equation  (2)  yielding  the  magnetic  parameters 
2J  =  -509  cm~l,  g  =  2.0,  and  Na  = ~150xl0“6  cgs  units.  Within 
the  precision  of  the  experimental  measurement  the  crystal  sus¬ 
ceptibilities  were  isotropic. 


2.  Di-p-hydroxobisf N,N,N' ,N* -tetraethylethylenediamine 

copper (II)]  perchlorate.  As  a  part  of  an  investigation  of 
the  thermochromic  properties  of  N-alkyl  substituted  ethylene- 
diamine  complexes  of  copper(II),  Hatfield,  Piper,  and  Klabunde(6) 
reported,  in  1963,  the  temperature  variation  of  the  magnetic 
susceptibilities  of  the  N,N,N' ,N* -tetraethylethylenediamine  (teen) 
and  N,N-diethyl-N'-methylethylenediamine  complexes  of  the  general 
formula  [Cu(diamine)OH]2 (C104)2.  The  data  for  the  latter  com¬ 
pound  were  fitted  to  Equation  (2)  for  the  determination  of  the 
magnetic  parameters,  while  2J  for  the  teen  compound  was  deter¬ 
mined  from  the  expression  2J  =  -1.11  Tmax  where  T^x  is  the 
temperature  at  which  the  magnetic  susceptibility  attains  the  max¬ 
imum  value,  and  the  constant  has  units  of  cm--*-  deg--*-. 

The  structure  of  [Cu(teen)OH)2 (0104)2  has  been  completed 
only  recently. (14)  The  structure  consists  of  [Cu(teen)0H]22+ 
units  and  discrete  CIO4  anions.  (While  this  geometry  at  the 
copper (II)  ion  is  comparable  to  the  situation  described  above (9) 
for  [Cu(tmen)0H]2Br2 ,  it  is  in  marked  contrast  to  the  geometry 
of  the  structures  of  other  compounds  in  this  series  with  oxy- 
anions,  vide  post.)  The  best  least  squares  plane  of  the 
N2Cu02CuN2  unit  calls  attention  to  the  slight  distortion  in  the 
molecule,  the  oxygen  and  nitrogen  atoms  are  approximately  0.15  A 
out  of  the  plane.  The  CU2O2  unit  is  planar  owing  to  the  inversion 
center.  The  structural  features,  which  are  given  in  Table  I,  are 
very  similar  to  those  determined  for  the  tmen  compound  with  the 
significant  exception  being  the  decrease  in  Cu-O-Cu  angle  from 
104.1°  in  [Cu(tmen)0H]2Br2  to  103.0°  in  [Cu(teen)0H]2 (C104)2. 

Apparently  there  is  a  hydrogen  bonding  interaction  between 
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the  hydroxo  group  and  the  perchlorate  ion,  since  the  average 
Cl-0  bond  digtance  for  the  three  oxygens  which  are  not  involved 
is  1.389(5)  A,  while  the  Cl-0  bond  distance  for  the  oxygen  which 
is  probably  hydrogen  bonded  is  1.434(5)  X. 

3 .  8-Di-u-hydroxobis  f 2- (2-dimethylaminoethyl)pyr idinecopper- 

(II) Iperchlorate.  Two  forms  of  the  compound  [Cu(DMAEP)OH]2- 
(C104)2  can  be  isolated.  (15,16)  The  6-form  is  obtained,  essen¬ 
tially  uncontaminated  with  the  a-form,  by  mixing  equimolar 
quantities  of  copper (II)  perchlorate  hexahydrate  and  DMAEP  in 
ethanol/ether  while  both  forms  may  be  found  if  methanol/ether  is 
used.  Uhlig  and  co-workers  (17)  had  reported  only  one  form  of 
this  compound  in  their  study  of  the  coordination  chemistry  of  N- 
substituted  2-(2-aminoethyl)pyridine,  and  from  a  comparison  of 
the  magnetic  properties  of  the  two  isomers,  it  is  evident  that 
they  had  the  triclinic  a-form.  The  a-form  has,  in  addition  to  the 
two  expected  hydroxo  bridges,  two  perchlorate  bridges  and  it  will 
not  be  considered  further  here.  (16)  The  6-form  has  two  hydroxo 
bridges  (15)  and,  as  shown  in  Figure  2,  the  copper  ions  are  in  a 
tetragonal  pyramidal  environment  with  oxygen  atoms  from  perchlor¬ 
ate  ions  occupying  the  axial  positions.  The  N2Cu02CuN2  unit  is 
essentially  planar  with  the  largest  deviation  from  the  best 
least  squares  plane  being  0.09  A.  An  unusual  features  obtains 
here  in  that  the  copper  ions  are  not  displaced  out  of  the  plane 
toward  the  axial  ligand  as  has  been  observed  in  many  tetragonal 
pyramidal  copper (II)  complexes.  Presumably  this  absence  of  dis¬ 
placement  is  a  reflection  of  the  weak  nature  of  the  perchlorate 
coordination.  The  bond  distances  and  angles  are  comparable  to 
those  observed  in  other  similar  complexes.  The  structural  para¬ 
meters  pertinent  to  this  discussion  are  listed  in  Table  I  where 
it  may  be  seen  that  the  Cu-pyridine  nitrogen  bond  distance  is 
somewhat  shorter  than  the  Cu-amine  nitrogen  bond.  The  Cu-O-Cu 
angle  is  100.4(1).° 

Hydrogen  bonding  involving  the  hydroxo  bridging  group  is 
indicated  by  the  oxygen-oxygen  separation  of  2.993  A,  which  is 
less  than  twice  the  van  der  Waals  radius  of  oxygen  as  given  by 
Bondi  (3.02  A)  (18)  but  slightly  greater  than  the  corresponding 
value  given  by  Pauling  (2.80  A).  (19)  That  the  bonding  is  weak  is 
evident  from  the  strong,  sharp  0-H  stretching  band  at  3580  cm-l, 
a  value  which  is  only  40  cm--'-  less  than  the  value  usually  as¬ 
cribed  to  free  hydroxyl  groups. 

The  temperature  variation  of  the  magnetic  susceptibility  of 
6- [Cu(DMAEP)OH] 2(0104)2  from  50-300°K  is  shown  in  Figure  3. (15) 
There  is  a  very  broad  maximum  in  the  magnetic  susceptibility  at 
about  175°K,  and  the  data  may  be  fitted  to  expression  for  ex-_^ 
change  coupled  pairs  of  copper(II)  ions  yielding  2J  =  -195  cm 
and  g  =  2.00,  where  the  criterion  for  the  best  fit  was  the 
minimization  of  the  function 

ABF  =  ?[^x(exptl)±-  x(calcd)1)Ti]2 
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Figure  2.  Structure  of  p-[Cu(DMAEP)OH](ClO,,)t  (adapted  from 

Ref.  15) 


T  (°K) 


Inorganic  Chemistry 

Figure  3.  Susceptibility  of  R-[Cu(DMAEP)OH]/CAO,,)i  per  Cu  atom  as  a  function 
of  temperature.  Solid  line  represents  values  calculated  from  equation  (2)  with  g  = 
2.03  and  2]  =  201  cm1  (15). 
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For  this  set  of  parameters  Agp  =  2.1x10"^.  Since  this  best  fit 
g-value  is  somewhat  lower  than  the  average  g-value  (2.03)  found 
from  the  EPR  spectrum  taken  at  77°K,  a  second  calculation  was 
made  in  which  the  g-value  was  held  constant  and  only  2J  was 
varied.  The  somewhat  poorer  fit  (AgF  =  5.7x10  )  gave  2J  =  -201 

cm-l.  in  view  of  these  results  a  value  of  <g>  =  2.03  is  probably 
accurate  within  2%  and  2J  =  -200±10cm 

4.  Du-n-hydroxobist 2- (2-ethylaminoethyl)pyridinecopper (Hel¬ 
per  chlorate.  The  structure  of  the  complex  [Cu(EAEP)0H]2- 
(0104)2  and  coordination  geometry  around  copper  is  very  similar 
to  that  described  above  for  [Cu(DMAEP)0H]2(C104)2.  The  pertinent 
structural  details  are  tabulated  in  Table  I.  In  this  compound  the 
copper  ions  are  displaced  approximately  0.12  A  from  the  best 
least-squares  basal  plane  which  is  formed  by  the  nitrogen  atoms 
and  the  two  bridging  oxygen  atoms.  It  is  further  noteworthy  that 
the  copper-oxygen(perchlorate)  axial  internuclear  separations  are 
significantly  shorter  in  [Cu(EAEP)0H]2 (C104)2  than  in  the  corres¬ 
ponding  complex  [Cu(DMAEP)OH]2(C104)2  where  the  copper  ions 
are  not  displaced  from  the  basal  plane.  The  two  basal  planes  are 
nearly  coplanar,  with  the  angle  between  them  being  1.4°.  The 
average  of  the  two  Cu— 0— Cu  angles  is  99.2(3)  and  the  Cu— Cu 
separation  is  2.917(5)  X. 

The  structural  data  indicate  that  any  hydrogen  bonding  in¬ 
volving  the  bridging  hydroxo  hydrogen  atom  is  very  weak.  The 
short  oxygen (bridge) -oxygen (perchlorate)  separations  are  2.89  and 
2.95  A,  values  which  are  less  than  twice  the  van  der  Waals  radius 
of  oxygen  as  given  by  Bondi  but  greater  than  that  given  by 
Pauling.  The  infrared  spectra  shows  a  strong,  sharp  band  at  3580 
cm-1. 

The  magnetic  susceptibility  data  (21)  for  [Cu(EAEP)OHJ2- 
(C104)2  show  a  broad  maximum  at  ~120°K  and  when  the  data  are 
fitted  to  Equation  (2)  the  parameters  2J  =  -130cm-1  and  g  =  2.04 
result . 


5 .  Di-u-hydroxobis [2,2’ -bipyridinecopper (II) ] sulfate 
pentahydrate.  The  complexes  of  the  general  formula 
[Cu(diamine)0H]2X2-nH20  which  are  formed  by  1,10-phenanthroline 
and  2, 2’ -bipyridine  are  of  considerable  interest  since  a  variety 
of  counter  ions  may  be  used  and  the  magnetic  properties  depend 
on  the  identity  of  the  counter  ion. (22-25)  The  first  compound  of 
this  type  to  be  characterized  fully  was  [Cu(bipy)0H]2S04*5H20 
(25-28) .  The  structural  details  necessary  for  this  discussion 
are  listed  in  Table  I. 

In  this  compound  the  copper  ions  are  found  in  distorted 
tetragonal  pyramidal  environments  with  a  water  molecule  coordin 
ated  to  one  copper  and  the  sulfate  ion  coordinated  to  the  other 
coppej.  The  copper  ions  are  displaced  approximately  0.18  and 
0.23  A  from  the  basal  planes  formed  by  the  nitrogen  atoms  and 
the  bridging  oxygens.  It  is  interesting  to  note  that  the  greater 
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displacement  of  0.23  A  occurs  in  the  portion  of  the  molecule  in 
which  the  sulfate  ion  is  coordinated  to  copper  and  that  that  Cu-0 
(axial)  bond  distance  is  the  shorter  of  the  two.  The  dihedral 
angle  between  the  basal  planes  is  7.9°.  There  is  extensive  hydro¬ 
gen  bonding  with  an  O(hydroxo)-O(sulfate)  separation  of  2.77  A. 

The  magnetic  susceptibility  of  this  compound  has  been  mea¬ 
sured  as  a  function  of  temperature  over  the  range  4.2-300°K, 
(26-28)  and  the  x-^  vs.T  plot.  Figure  4,  clearly  indicates  a 
deviation  at  low  temperature  from  the  Curie-Weiss  behavior  exhi¬ 
bited  at  higher  temperatures.  The  measured  susceptibilities 
deviate  in  the  manner  expect  for  an  exchange  coupled  pair  of 
copper  ions  with  a  positive  2J  value  indicating  a  ferromagnetic 
interaction  and  a  triplet  ground  state  with  a  low  lying  singlet 
state.  The  best  least  square  fit  of  the  data  yield  2J  =  +48 (±10) 
cm~l  and  g  =  2.2. 

The  presence  of  the  triplet  state  is  confirmed  by  the  EPR 
spectrum  shown  in  Figure  5.  The  spectrum  may  be  described  using 
the  spin  Hamiltonian 

Hs,  =  g|  |6HzS'z  +  giS(Sj;  Hy)  +  D(Sz’  2-2/3) 

where  the  resonance  fields  are 

H1(z>  =  (g | | B)  1 ! hv  -D | 

H2(z)  =  (g| | 8)-1(hv  +D) 

-1  1/2 

H^ (x,y)  =  (gjJ5)  [hv (hv  -D)] 

-1  1/2 

H2(x,y)  =  (gjJ5)  [hv(hv  +D)] 

H1(forb)  =  (2g i | 8)  1hv 

-1  22  21/2 

H2(forb)  =  (2gjj3)  A(hV  -D  )A/ 

Here  the  subscript  1  designates  the  low  field  transitions  and  the 
subscript  2  designates  the  high  field  transitions,  while  the 
AMS  =  2  transitions  are  labeled  forbidden. 

6.  Di-p-hydroxobis [ 2 , 2 '-bipyridinecopper (II) ] nitrate.  The 
structure  of  [Cu(bipy)0H]2 (1^03)2  is  very  similar  to  that  of  the 
sulfate  salt  with  the  difference  being  that  nitrates  are  coor¬ 
dinated  in  the  axial  positions  of  the  tetragonal  pyramids.  (29) 
The  copper (II)  ions  are  displaced  from  the  basal  planes  toward 
the  oxygen  atom  of  the  coordinated  nitrate  where  the  Cu-0  (axial) 
bond  is  relatively  short,  being  2.379(2)  X.  Structural  details 
are  listed  in  Table  I. 

The  magnetic  susceptibility  has  been  measured  as  a  function 
of  temperature  in  the  range  1.6-300°K  and  can  be  fit  to  Equation 
(2)  yielding  2J  =  172  cm-!  and  g  =  2.10.  (30)  The  estimated 
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Figure  4.  Inverse  of  magnetic  susceptibility  per  cop- 
per  atom  of  [(bipy)Cu(OH  )jCu(bipy)]  SO(  •  51  hO  as 
a  function  of  temperature.  Solid  line  represents  values 
calculated  from  the  Van  Vleck  equation;  dashed  line 
is  extrapolation  of  Curie-Weiss  law.  Observed  values 
are  black  dots.  Data  above  80K  from  Ref.  26  (28). 


Figure  5.  X-band  EPR  spectrum  of  [Cu(bipy)OII]jSO.  ■ 
5H.O  at  77°K,  0-10.0  kC 
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standard  deviation  on  this  2J  value  is  very  large  since  the  equa¬ 
tion  is  very  insensitive  to  variations  in  large  positive  2J values. 

B.  Correlation  of  Structural  and  Magnetic  Properties. 

1.  The  nature  of  the  chelating  amine.  Inspection  of  the  data 
in  Table  I  reveals  that  the  two  complexes  with  the  aromatic  dia¬ 
mine,  2, 2' -bipyridine,  have  triplet  ground  states,  the  two  com¬ 
plexes  with  aliphatic  diamines,  tmen  and  teen,  have  singlet 
ground  states  with  large  j  2 J |  values,  and  that  the  two  complexes 
with  the  mixed  aliphatic/aromatic  diamines,  DMAEP  and  EAEP,  have 
singlet  ground  states  with  intermediate  | 2 J |  values.  There  is  no 
correlation  with  the  N-Cu-N  angle,  since  these  angles  increase  in 
the  order  aromatic  <  aliphatic  <  mixed.  Furthermore,  Casey  (25) 
has  shown  that  [Cu(bipy)OH]  2  (NCS)2 -^0,  [Cu(bipy)OH]2 (NCSe)2 *H20, 
and  [Cu(bipy)0H]2Cl2*3H20  have. singlet  ground  states  with  2J 
values  of  -6,  -34,  and  -39  cm  .  ,  respectively.  Since  the  N-Cu-N 
angle  is  expected  to  be  fairly  constant  for  all  of  the  2,2'- 
bipyridine  compounds,  and  since  there  is  no  apparent  correlation 
of  this  angle  with  2J,  then  it  is  reasonable  to  conclude  that 
changes  in  this  angle  are  of  secondary  importance .However ,  the 
chemical  nature  of  the  bidentate  amine  is  probably  important 
since  as  of  yet  there  are  no  known  overlaps  of  2J  values  between 
the  groups  of  compounds  formed  by  the  aromatic,  mixed  aromatic/ 
aliphatic,  and  aliphatic  diamines. 

2.  The  copper-oxygen (hydroxo)  bond  distance.  The  copper¬ 
bridging  oxygen  bond  distances  are  all  comparable  and  fall  in  the 
range  1.9  to  1.95  A  with  the  average  bond  distance  being  1.915  A. 
For  all  practical  purposes  the  copper-oxygen  bond  distance  is 
constant  in  this  series  of  compounds. 

3.  The  nature  of  any  out-of-plane  coordination.  The  two  com¬ 
plexes  with  the  aliphatic  diamines,  [Cu(tmen)OH]2Br2  and 
[Cu(teen)OH]2 (C104)2  ,  are  formed  by  two  planar  units  sharing  an 
edge.  The  closest  out-of-plane  contacts  to  copper  in  [Cu(tmen)- 
OH]2Br2  are  to  bromide  ions  which  are  centered  over  the  five 
member  chelate  ring,  these  distances  are  4.778  and  4.933  A,  and 
are  considered  to  be  too  long  even  fo£  semi-coordination.  There 
are  no  out-of-plane  atoms  within  4.0  A  of  copper (II)  in 
[Cu(teen)OH]2 (C10i,)2 .  (31)  The  other  four  compounds  are  composed 
of  tetragonal  pyramidal  units  sharing  an  edge  with  apical  ligands 
on  opposite  sides  of  the  joined  basal  planes.  There  is  an  import¬ 
ant  trend  here;  the  out-of-plane  copper-oxygen  bond  distances 
decrease  with  an  increase  in  the  displacement  of  the  copper  ion 
from  the  basal  plane  toward  the  apical  ligand,  viz. , 
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compound 

O 

Cu-0 ,  A 

O 

displacement,  A 

$- [ Cu (DMAEP) OH ]  (C104) 

2.721(4) 

none 

(Cu(EAEP)OH] . (CIO. ) „ 

2.618(9) 

0.11 

Z  4  Z 

2.562(10) 

0.13 

[Cu(bipy)0H]2(N03)2 

2.379(2) 

0.16 

[Cu(bipy)0H]2S04-5H20 

2.21(SO  2_) 

0.23 

2.24(H20) 

0.18 

There  Is  a  general  correlation  of  J  with  the  copper-out-of-plane 
ligand  distance.  Except  for  [Cu(bipy)0H]2S04*5H20,  the  exchange 
coupling  constant  becomes  more  positive  as  the  out-of-plane  bond 
distance  decreases. 

4.  The  geometry  of  the  basal  planes.  To  a  good  approximation 
the  bases  of  the  tetragonal  pyramids  are  all  planar  with  devia- 
tionsofrom  the  best  least  squares  plane  being  on  the  order  of 
0.15  A  or  less.  The  two  basal  planes  [or  the  coordination  planes 
in  the  case  of  [Cu(tmen)OH]2Br2  and  [Cu(teen)0H]2 (C104)2]are 
frequently  coplanar,  with  the  largest  deviation  from  coplanarity 
being  a  7.9°  dihedral  angle  between  these  planes  in  [Cu(bipy)0H]2~ 
S04-5H20.  Consequently,  except  for  this  latter  compound,  the  geo¬ 
metry  of  the  basal  plane  remains  constant  throughout  the  series. 

5.  The  single  ion  ground  states.  It  is  very  well  established 
that  the  unpaired  electron  is  in  the  a*  orbital  for  square  planar 
copper (II)  complexes. (32)  Although  spin-orbit  coupling  and  the 
low  symmetry  crystal  field  components  permit  the  mixing  in  of 
other  states,  to  a  good  approximation  the  exchange  mechanisms  can 
be  given  in  terms  of  this  electronic  configuration.  Although  the 
displacement  of  the  copper (II)  ion  from  the  basal  plane  toward 
the  axial  ligand  in  the  tetragonal  pyramidal  complexes  complicates 
even  further  the  nature  of  the  single  ion  ground  state,  it  will  be 
assumed  that  the  unpaired  electron  is  in  the  dx2_y2»a*»  orbital  in 
these  complexes.  This  assumption  is  admittedly  less  tenable  for 
[Cu(bipy)0H]2SC>4 • 5H20  and  [Cu(bipy)0H]2 (N03)2  where  the  displace¬ 
ments  are  considerable  and  the  axial  bond  distances  are  rather 
short.  Precise  descriptions  of  the  ground  states  must  await  the 
completion  of  detailed  EPR  investigations  which  are  presently 
underway .  (33) 

6.  Hydrogen  bonding  by  the  hvdroxo-bridge  hydrogen  atoms. The 
nature  of  the  hydrogen  bonding  spans  a  wide  range  in  these  com¬ 
pounds.  A  suitable  working  hypothesis  would  suggest  that  the 
electron  density  on  the  bridging  oxygen  atom  should  increase  with 
the  strength  of  the  hydrogen  bond  and  that  this  variation  in 
electron  density  should  have  a  significant  effect  on  the  exchange 
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coupling.  If  either  the  0***X  internuclear  separation  or  Av(OH) 
(the  deviation  from  the  "free"  hydroxyl  stretching  energy)  are 
taken  as  gauges  of  the  hydrogen  bond,  then  it  is  clear  from  the 
data  in  Table  II  that  there  is  no  simple  correlation  between 
either  of  these  parameters  and  the  exchange  coupling  constant. 
Thus  it  is  reasonable  to  conclude  that  hydrogen  bonding  is  of 
secondary  importance  in  determining  the  nature  of  the  exchange 
coupling. 

7.  The  copper-copper  separation.  There  is  an  interesting 
correlation  between  the  Cu-Cu  separation  and  the  singlet-triplet 
splitting.  As  the  Cu-Cu  separation  increases  from  2.847  A  in 
[Cu(bipy)0H]2(N03)2  to  3.000  A  in  [Cu(tmen)OH]2Br2 ,_|he  singlet- 
triplet  splitting  changes  from  +172  cm“l  to  -509  cm  .  If  the 
data  for  [Cu(bipy)0H] 2S04 • 5H20  are  omitted,  since  the  basal 
planes  in  the  compound  are  not  coplanar,  then  the  best  line 
through  the  five  available  values0of  the  copper-copper  separation 
and^2J  has  a  slope  of  -4545  cm- 1/A  and  an  intercept  of  13,130 
cm 


8.  The  copper-oxygen-copper  bridge  angle.  Since  the  copper- 
oxygen  (bridge)  bond  distances  are  nearly  constant  at  1.915  A, 
and  since  the  Cu202  units  are  all  nearly  planar  there  is  a 
similar  striking  correlation  between  the  2J  values  and  the  Cu-0- 
Cu  bridge  angle.  This  linear  correlation  (in  the  range  95.6°  < 

<J>  <  104.1°)  is  illustrated  in  Figure  6,  where  the  slope  is  -79.5 
cm--*-  deg-*-  and  the  intercept  is  7790  cm-*-. 

C.  Rationalization  in  Terms  of  a  Molecular  Orbital  Model. 

The  correlations  which  have  been  observed  can  be  understood  in 
terms  of  a  simple  molecular  orbital  model,  which  is  most  appro¬ 
priate  for  the  two  joined-planar  compounds,  but  which  is  still  a 
good  approximation  for  the  joined  tetragonal  pyramidal  compounds. 
(34)  It  is  necessary  to  consider  the  two  oxygen  orbitals,  px>  Py> 
and  the  two  copper  in-plane  orbitals  d x2-y2»  ^xy*  *^  t*ie  follow¬ 
ing  coordinate  system  in  D2h  is  adopted 


it  can  be  seen  that  the  orbitals  transform  as 


A  : 
g 


do  o  +  d  9  9 

x^-y^  x^-yz 

y  i  -  Y2 
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B 


lg 


d  +  d 
xy  xy 

Xi  -  x2 


B 


2u 


d  -  d 
xy  xy 

yi  +  y  2 


where  x^  and  y^  designate  the  oxygen  px  and  orbitals.  Symboli¬ 
cally  these  symmetry  relationships  are 


Inspection  of  these  will  show  that  the  A  and  B^u 
orbitals  will  have  identical  energies  as  will^the  B]^0 


molecular 

and  B„ 

2u 
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Figure  (i.  Correlation  of  singlet-triplet  splittings  with  the  Cu-O-Cu  bridge  angle 
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orbitals.  With  this  information  the  molecular  orbital  diagram  for 
this  fourteen  electron  system  may  be  constructed;  it  is  given  in 
Figure  7a.  As  the  Cu-O-Cu  angle  increases  the  overlap  of  the  Ag 
and  B^g  combinations  increase  relative  to  that  of  the  B3U  and 
B2u  combinations.  At  a  sufficiently  large  enough  angle  it  may  be 
anticipated  that  the  separation  between  the  B2U*  and  B^g*  mole¬ 
cular  orbitals  would  exceed  the  pairing  energy  and  the  singlet 
state  with  configuration  (b2u*)^  would  result  as  the  ground 
state.  The  triplet  state  from  the  configuration  (b2u*) (big*) 
would  be  the  low  lying  paramagnetic  state. 

II .Di-p-Chloro-bridged  Copper (II)  Complexes 

The  properties  of  four  di-p-chloro-bridged  copper (II)  com¬ 
plexes  will  be  described  here.  These  include  (Class  I) 

[Co(en) 3 ]2 [Cu2Clg ]Cl2 • 2H2O  and  [Cu(guaninium)Cl3 ]2  ,  where  the 
copper (II)  ions  are  in  distorted  trigonal  bipyramids  which  share 
an  equator-to-apex  edge,  (35-40)  and  (Class  II)  [Cu(2-methyl- 
pyridine)2Cl2 ]2  and  [Cu(dimethylglyoxime)Cl2]2»where  the  coordina¬ 
tion  about  copper  is  distorted  tetragonal  pyramidal  and  the  di¬ 
meric  structure  is  formed  by  the  sharing  of  the  base-to-apex 
edge.  (41-44) 

Unlike  the  hydroxo-bridged  copper(II)  complexes  described 
in  Section  I  where  the  Cu-0  (bridge)  bond  lengths  are  constant, 
the  chloro-bridged  dimers  have  greatly  different  Cu-Cl  (bridge) 
distances.  It  will  be  shown  here  that  the  singlet  triplet  split¬ 
tings  are  dependent  on  the  bridging  bond  lengths  as  well  as  the 
Cu-Cl-Cu  bridging  angle. 

A.  Structural  and  Magnetic  Data. 

1.  Tris (ethylenediamine)cobalt (III)  Di-y-chlorobis [ tri- 

chlorocuprate(II) ]  Dichloride  Dihydrate.  The  unusual  spec¬ 
tral  properties  (45)  of  the  compound  Co(en)3CuCl5’H20,  as  for¬ 
mulated  by  Kurnakowin  1898,  led  to  an  X-ray  crystal  structure 
examination  (35,36)  which  revealed  that  the  new  and  unusual 
[Cu2Clg]4-  ion  was  present. 

The  compound  crystallizes  in  the  orthorhombic  space  group 
Pbca  with  four  molecules  in  a  unit  cell  of  dimensions  a  = 
13.560(9),  b  =  14.569(9),  and  c  =  17.885(12)  A.  The  bridging 
Cu-Cl  distances  are  2.325(5)  and  2.703(5)  A,  the  Cu-Cu  separa¬ 
tion  is  3.722(5)  A,  and  the  angle  at  the  bridge  is  95.2(1)°. 

The  exchange  interaction  (37)  in  [Cu(en)3]2[Cu2Cl8]Cl2"2H20 
has  been  precisely  characterized  by  single  crystal  magnetic 
susceptibility  measurements.  (38)  Data  were  collected  in  the 
temperature  range  4.2-80°K  on  a  crystal  (  5.2  x  2.9  x  2.5  mm) 
with  the  magnetic  field  applied  along  the  crystallographic  axes. 
The  data  are  given  in  Figure  8,  where  it  may  be  seen  that  the 
susceptibility  maximizes  at  12.9°K,  and  the  usual  g-f actor  aniso¬ 
tropy  is  observed  (xc  >  Xa  51  Xb)  •  The  data  may  be  fitted  to 
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metal  ion  orbitals  molecular  orbitals  ligand  orbitals 


b. 


Figure  7.  (a)  Molecular  orbital  diagram  for  the  in-plane  orbitals  in  the  Cu.,Oj  ring, 

Dj,,  symmetry,  9 0°  C.u-O-Cu  angle,  (h)  Antibonding  molecular  orbitals  for  Ctt-O-Cu 
angle  different  from  90°  (adapted  from  Ref.  34). 
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Equation  (2)  yielding  Ja/k  =  -10.7±.2°  and  ga  =  2.071.02;  Jb/k  = 
-10. 8±. 2°  and  gb  =  2.03±.02;  and  Jc/k  =  -10.6±.2°  and  gc  = 
2.181.02.  The  data  fit  the  theoretical  curve  very  well.  For  ex¬ 
ample,  of  the  44  data  points  collected  with  the  field  applied 
along  the  c-axis,  only  five  deviated  from  the  calculated  values 
by  more  than  1.5%  while  34  of  the  points  differed  by  less  than 
1%.  No  significant  improvement  of  the  fits  were  observed  when 
interdimer  interactions  were  included.  Thus  within  experimental 
error  Ja  =  Jb  =  Jc  =  J,  and  <g>  =  (1/3) (ga+gb+gc)  =  2.09,  a 
value  which  is  in  excellent  agreement  with  the  g  value  obtained 
from  powder  data  collected  in  the  temperature  range  130-235°K. 
Here  g  was  calculated  from  the  Curie  constant  using  the  formula 

g2  =  3kC/NB2S(S+l) 

The  exchange  interaction  observed  along  the  c-axis,  which 
is  almost  colinear  with  the  copper (Il)-copper(II)  vector,  and 
the  exchange  interaction  observed  along  the  a  and  b-axes,  which 
are  almost  perpendicular  to  the  copper (Il)-copper (II)  vector, 
are  equal  in  magnitude.  Also,  there  is  no  significant  long  range 
interdimer  exchange  present  in  the  system.  This  result  is  not 
unexpected  in  view  of  the  large  interdimer  separation.  „ 

The  large  copper (II) -copper (II)  separation  of  3.722  A  pre¬ 
cludes  any  through-space  interactions  since  no  significant  or¬ 
bital  overlap  can  occur  over  this  distance,  and  dipole-dipole 
interactions  could  not  produce  a  splitting  of  the  observed 
magnitude.  Hence,  it  seems  reasonable  to  conclude  that  the  inter¬ 
action  occurs  via  superexchange  through  the  chloride  bridges. 

2.  Di-p-chlorobis[dichloro (guanin turn) copper (II) ] dihydrate. 

In  1970  Carrabine  and  Sundaralingam  (39a)  reported  the  structure 
of  di-y-chlorobis[dichloro(guaninium)copper(II) ]  dihydrate, 
where  the  guaninium  ligand  is  the  cation  formed  by  monoprotonat- 
ing  guanine,  one  of  the  bases  bonded  to  the  sugar  residues  in 
the  backbone  of  dioxyribonucleic  acid  (DNA) .  The  same  authors 
presented  a  more  complete  structural  analysis  the  following  year, 
(39b)  and  the  structure  was  then  confirmed  by  Declercq,  Debbaudt, 
and  Van  Meerssche  (39c)  in  an  independent  investigation.  Both 
research  groups  reported  the  structure  to  be  that  of  a  dimer 
consisting  of  chloro-bridged,  trigonal-bipyramidally  coordinated 
copper(II)  ions,  as  shown  in  Figure  9.  The  monoprotonation  was 
shown  to  occur  at  the  imidazole  nitrogen,  N(7),  of  the  purine 
ring  system,  and  binding  to  the  copper  ion,  at  N£9) .  The  bring¬ 
ing  Cu-Cl  distances  were  determined  to  be  2.447  A  and  2.288  A, 
with  a  0Cu-Cl-Cu  bridging  angle  of  98°  and  a  Cu-Cu  separation  of 
3.575  A. 

The  temperature  variation  of  the  inverse  susceptibility 
(calculated  per  copper (II)  ion)  of  a  powdered  sample  in  the  temp¬ 
erature  region  1.6  to  255°K  is  represented  by  the  black  data 
points  in  Figure  10.  (40)  The  maximum  in  the  curve  occuring  at 
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Figure  8.  Single  crystal  magnetic  susceptibility  data  for  [Co(en)a]  [CioC/„]  - 

Cl,  ■  2H,0  (38) 


Figure  9.  Structure  of  [ Cu(guaninium)CI., ],  (adapted  from  Ref.  39a) 
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approximately  15°K  is  probably  due  to  a  small  percentage  of  mono¬ 
meric  impurity  which  did  not  affect  the  percentage  composition  of 
the  elemental  analysis.  To  correct  for  this  impurity  the  data 
points  from  1.6  to  11.2°K  were  fit  to  the  Curie-Weiss  law 


X  «  C/(T  -  0) 

_3 

Values  of  7.86  x  10  and  -3.22°  were  obtained  for  the  constants 
C  and  0,  respectively.  In  this  temperature  region  the  suscepti¬ 
bility  of  the  dimer  is  negligibly  small  (vide  post) .  All  the  data 
points  were  then  corrected  for  the  contribution  of  the  impurity 
to  the  observed  susceptibility,  and  the  corrected  points  are  also 
plotted  in  Figure  10  as  the  un-filled  circles.  The  impurity  was 
estimated  to  be  present  to  the  extent  of  1%  in  the  following  way: 
The  susceptibility  for  an  assumed  monomer  having  a  molecular 
weight  equal  to  one-half  that  of  the  dimer  was  calculated  from 
the  expression 

X  =  NB2U2/3kT 
1/2 

where  y  =  gB[S(S  +  1)]  ,  at  a  selected  temperature,  and  the 

calculated  susceptibility  was  compared  with  the  experimental  sus¬ 
ceptibility  at  that  temperature. 

The  solid  line  in  Figure  10  is  the  best  fit  of  the  corrected 
data  to  Equation  (2),  which  yields  the  parameters  2J  =  -82.6+1.0 
cm“l  and  g  =  2.12±0.02. 


3 ■  Di-u-chlorobis [ chloro (dimethylglyoxime) copper (II) ] .  The 
structure  (43)  of  [Cu(DHG)Cl2 ]2  is  shown  schematically  in  Figure 
11  with  pertinant  molecular  dimensions  indicated  thereon.  The 
copper  atom  is  five— coordinated  in  a  square— based  pyramidal  ar¬ 
rangement  consisting  of  a  nearly  square  planar  arrangement  of 
two  nitrogen  atoms  and  two  tightly  bound  chlorine  atoms  with  a 
chlorine  atom  from  an  adjacent  unit  in  the  apical  position. 

The  magnetic  data  (44)  can  be  described  by  the  singlet- 
triplet  equation  (2)  with  2J  =  6.3  cm"-*-,  g  =  2.06,  and  0  =  -1.7°. 
Additional  and  convincing  evidence  for  the  triplet  ground  state 
is  provided  by  the  magnetization  studies.  The  magnetization 
curves  for  S'  =  1/2  and  S'  =  1  were  evaluated  from  the  Brillouin 
function  (46) 


B(X)  =  coth  2S'+1 


2S' 


2S' 


v  1 

X  ”  2S'COth2S' 


where  X  =  (H/T) (S'gB/k)  and  S'  is  the  effective  spin.  To  account 
for  interdimer  interactions  the  field  H  was  set  equal  to  the 
external  field  plus  a  molecular  field,  Hm,  where  it  was  assumed 
that  Hm  was  proportional  to  the  magnetization.  Thus,  Hg,  = 

NwNB<y>  where  <y>  =  gS'B(X)  and  =  (3k6 ') / [Ng2B2S' (S'+l) ] . (47) 
A  best  fit  (least  squares)  of  the  experimental  data  was  used  to 
select  a  value  of  -1.2  for  9'  thereby  indicating  an  antiferro- 
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Figure  10.  Temperature  vs.  inverse  susceptibility  for  the  complex  [(guaninium)- 
CuCl3]2  ■  2HsO  (38).  Experimental  points,  •;  experimental  points  corrected  for  mono¬ 
meric  impurity,  O;  Van  Vleck  equation  best  fit, - . 
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magnetic  interdimer  interaction.  The  8'  term  in  the  magnetization 
studies  is  very  similar  to  the  8  term  in  Equation  2,  but  in  view 
of  the  approximate  nature  of  the  theory,  identical  values  for 
these  interdimer  interaction  parameters  are  not  expected. 


4.  Dl-p-chlorobisrchlorobis(2-methylpyridine) copper (II)] .  In 
recent  years  many  copper (II)  complexes  of  the  type  CUL2X2 ,  where 
X  is  chloride  or  bromide  and  L  is  pyridine  or  substituted  pyri¬ 
dine,  have  been  prepared  and  characterized.  (48)  These  complexes 
are  mainly  polymeric,  having  six  coordination  about  the  copper 
ion  with  halide  ligands  from  adjacent  molecules  occupying  the  out- 
of-plane  coordination  positions.  However,  the  complexes  of  2- 
methylpyridine  were  found  to  have  properties  somewhat  different 
to  those  found  for  the  analogous  pyridine  complexes,  (49) and  it 
was  portulated  that  the  methyl  group  in  the  2-position  provides 
steric  hindrance  to  the  usual  octahedral  coordination.  Subse¬ 
quently,  Duckworth  and  Stephenson  (41)  determined  that  such  was 
the  case  for  dichlorobis(2-methylpyridine)copper (II) .  The  coor¬ 
dination  about  copper  in  this  complex  is  tetragonal  pyramidal 
with  the  fifth  position  (out-of-plane)  occupied  by  a  chloride 
ligand  from  an  adjacent  planar  moiety,  and  the  sixth  position  is 
effectively  blocked  by  the  methyl  groups  of  the  pyridine  ligands. 
The  structural  details  are  summarized  in  Table  III. 

As  shown  in  Figure  12,  the  magnetic  susceptibility  (42)  data 
for  Cu(2-methylpyridine)2Cl2  obey  the  Curie-Weiss  law,  x  = 

C/(T-0),  in  the  range  2958K  to  approximately  308K.  For  the  chloro- 
complex,  the  Curie  constant  C  =  0.394,  8  =  1°K.  and  Ueff  = 
2.828C1'2  is  1.78  B.M.  However,  at  the  low  temperature  limit  it 
is  apparent  that  the  Curie-Weiss  law  fails.  There  is  a  distinct 
minimum  in  the  x-'*'  versus  T  plot  at  approximately  7°K.  The  data 
obey  the  Van  Vleck  equation  (2)  for  magnetically  coupled  pairs 
of  copper  ions  yielding  g  =  2.15  and  -2J  =  7.4  cm"  . 


B.  Correlation  of  Structural  and  Magnetic  Properties.  It  is 
of  interest  to  compare  the  magnetic  parameters  and  structural 
data  for  the  structurally-  and  magnetically-characterized  chloro- 
bridged  bimetallic  copper (II)  complexes  discussed  here.  These 
data  are  compiled  in  Table  III.  Both  the  guaninium  complex  and 
the  [Cu2Cl8F~anion  are  made  up  of  trigonal  bipyramids  sharing 
equatorial-to-apex  edges,  while  the  other  two  complexes  listed 
in  the  table  are  square-based  pyramids  sharing  base-to-apex  edges. 
In  the  trigonal-bipyramidal  complexes  it  is  likely  that  the  un¬ 
paired  electrons  are  in  the  dz2  orbitals  of  the  copper (II)  ions 
in  the  ground  state,  whereas  in  the  square-pyramidal  complexes 
it  is  likely  that  they  are  in  the  dx2_y2  orbitals.  A  quantitative 
comparison  of  the  exchange  energies  of  the  four  complexes  cannot 
be  based  on  structural  data  because  of  the  different  orbitals 
involved  in  superexchange,  but  a  qualitative  comparison  is  pos¬ 
sible. 

The  structural  parameters  of  the  guaninium  complex  and  the 
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[Cu2Clg]1+-anlon  are  compared  by  superimposition  in  Figure  13 
with  the  solid  line  representing  the  guaninium  complex.  The 
smaller  singlet-triplet  splitting  for  the  [C^Clel^anion  in 
comparison  to  the  guaninium  complex^accompanies  an  increase  in 
the  Cu-Cl-Cu  bond  angle  from  95°  to  98“  and  a  decrease  in  the 
bridging  bond  lengths.  Although  it  has  been  demonstrated  that 
the  bridging  angle  is  important  in  determining  the  sign  and 
magnitude  of  the  splitting  parameter  2J  in  the  series  of  hydroxo- 
bridged  copper (II)  complexes  it  is  unlikely  this  effect  can  be 
presented  as  the  sole  explanation  in  this  comparison  because  the 
bridging  bond  lengths  of  these  two  chloro-bridged  species  are 
quite  different,  ranging  between  2.3  and  2.7  A,  whereas  they  arg 
nearly  constant  in  the  hydroxo-bridged  species  at  1.90  to  1.95  A. 
(See  Table  I). 

The  complexes  [ (2-methylpyridine)2CuCl2]2  and  [(dimethyl- 
glyoxime)CuCl2 ]2  have  different  structures  and  presumably  a 
different  exchange  coupling  mechanism  from  that  described  above. 
In  comparing  these  two  square-pyramidal  complexes  it  should  be 
noted  that  there  is  a  change  in  ground  state  multiplicity.  The 
bridging  bond  length  in  [ (2-mepy)2CuCl2l2  is  0.67  A  longer  than 
the  comparable  bond  in  [ (DMG)CuCl2 ] 2  and  the  angle  at  the  brid¬ 
ging  chloride  is  13.4°  larger  in  the  2-methylpyridine  complex 
than  in  the  dimethylglyoxime  complex.  It  is,  therefore,  not 
possible  to  attribute  the  change  in  the  exchange  coupling  con¬ 
stant  only  to  bridge  angle  changes. 

Clearly  a  number  of  additional  chloro-bridged  copper (II) 
dimers  of  both  structural  forms  must  be  studied  before  the 
bridge-angle  effect  on  2J  can  be  separated  from  the  bridging 
bond-length  effect. 

III.  The  Polymeric  Compound  [Cu(pyrazine) (N0q)9ln  and  Related 
Chains . 

The  magnetic  properties  of  the  1:1  copper (II)  nitrate- 
pyrazine  complex,  [Cu(C4N2Hi+) (N03)2 ]n,  reflect  an  exchange  coup¬ 
ling  between  the  copper  ions  although  as  shown  in  Figure  14  the 
copper (II)  ions  are  separated  by  6.712  (50)  While  exchange 

coupling  across  bidentate  heterocyclic  amine  ligands  had  been 
suggested  previously,  (51)  the  preliminary  investigation  (52) 
provided  the  first  demonstration  of  an  antiferromagnetic  inter¬ 
action  in  a  system  which  has  been  characterized  by  structural 
studies,  magnetic  measurements  collected  over  a  wide  temperature 
range  and  EPR  measurements. 

The  crystal  structure  of  this  compound  reveals  a  chemical 
chain  parallel  to  the  a  axis  in  the  orthorhombic  crystal.  Copper 
atoms  are  bridged  along  this  axis  by  the  aromatic  heterocyclic 
bidentate  amine,  pyrazine.  Coordinated  oxygen  atoms  from  the 
nitrate  ions  complete  the  highly  distorted  octahedron  around 
each  copper  atom. 

The  magnetic  susceptibility  data  collected  using  a  powdered 
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Figure  12.  Temperature  variation  of  the  exper¬ 
imental  inverse  susceptibility  of  [ Cu(2-methyl - 


pyridine) tClt\ , 


Figure  13.  Comparison  of  the  structural  parameters  for  [(g ua- 
ninium)CuCl3]  i  ■  2HtO  and  [CuiCk]*'  with  the  solid  line  repre¬ 
senting  the  guaninium  complex  (40) 
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sample  were  described  (52)  by  the  Ising  model  for  linear  anti¬ 
ferromagnetic  interactions  in  chains  using  equations  (3a ,3b) 
which  was  developed  by  Fisher.  (53)  The  equations  are 
2  2 

XL  =  —  [tanh  sech2^)]  (3a) 

and 

2  2 

XII  -  exp  (2J/kT)  (3b) 

where 

1  2 

<x>  =  J  X|  I  +  3  XL  (4) 

The  parameters  which  give  the  best  fit  to  the  experimental 
data  are  <g>  =  2.22  and  J  =  -6.04  cm-^.  The  best  fit  <g>  value  is 
to  be  compared  with  the  EPR  results  of  Kokoszka  and  Reimann,  (54) 
who  reported  gz  =  2.295,  gx  =  2.054,  and  gy  =  2.070  (<g>  =  2.133). 

In  an  attempt  to  determine  more  precisely  the  magnetic  model 
which  is  appropriate  for  the  description  of  the  properties  of  this 
compound  and  to  clarify  the  exchange  pathway,  measurements  have 
been  performed  on  single  crystals  of  this  material  between  1.7° 
and  60°K.  (55) 

Reasonably  large  needle-shaped  single  crystals  of 
Cu(pyrazine) (N03)2  were  grown  by  slow-evaporation  of  an  aqueous 
1:1  solution  of  copper (II)  nitrate  and  pyrazine  (C4H4N2).  Because 
of  the  crystal  morphology  several  of  the  largest  crystals  were 
selected  and  carefully  oriented  under  a  microscope  so  that  all  a^ 
axes  of  the  crystals  were  collinear.  The  susceptibilities  from 
1.7°  to  60°K  both  parallel  and  perpendicular  to  the  a  axis  are 
shown  in  Figure  15.  A  clear  maximum  is  observed  at  approximately 
6.8°K  in  each  direction.  These  measurements  reveal  typical  iso¬ 
lated  antiferromagnetic  linear  chain  behavior  down  to  the  lowest 
temperature  achieved  in  this  experiment.  The  Ising  chain  equations 
can  not  be  used  to  fit  these  data. 

Bonner  and  Fisher  (56)  have  performed  machine  calculations 
on  finite  Heisenberg  rings  and  have  been  able  to  estimate  the 
limiting  behavior  for  an  infinite  ring.  Applying  these  results  to 
the  experimental  data  in  both  directions  J/k  equals  -5.30  (±0.05) 
°K  where  J  is  as  defined  by  the  term  -2JS^'Sj  in  the  Hamiltonian 
described  by  Bonner  and  Fisher.  The  g  value  giving  the  best  fit  to 
theory  for  the  perpendicular  direction  was  2.10  (±0.01)  and  2.03 
(±0.01)  for  the  parallel  direction.  As  can  be  seen  in  Figure  15, 
the  fit  for  both  directions  down  to  1.7°K  is  in  quite  good  agree¬ 
ment  with  experiment.  Commonly  "4+2”  tetragonally  distorted  copper 
complexes  exhibit  two  small  g  values  (g ^  and  one  large  g  value 
(g,  [ ) •  (57)  If  it  is  assumed  that  the  smallest  g  value  lies  along 
the  ji  axis,  corresponding  to  the  shortest  bond  distance,  then  one 
of  the  other  small  g  values  and  the  largest  g  value  lie  in  the 
plane  perpendicular  to  this  axis.  The  susceptibility  perpendicular 


In  Extended  Interactions  between  Metal  Ions;  Interrante,  L.: 

ACS  Symposium  Series;  American  Chemical  Society:  Washington,  DC,  1974. 


u / mol  e  ) 


10.  HATFIELD 


Superexchange  Interactions 


135 


Journal  of  the  American  Chemical  Society 

Figure  14.  Structure  of  [CttfC.iHjJVjXNOj)*],,  (52) 


Temperature*K 
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Figure  15.  Best  fit  of  the  corrected  magnetic  susceptibility  to  the  one-dimensional 
Heisenberg  model  with  J/k  =  —5.30°  for  both  directions  and  gn  =  2.03  and  g i  = 

2.10  (55) 
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to  the  a  axis  should  then  reflect  a  g  value  intermediate  between 
the  two  extremes  detected  by  the  EPR  measurements  if  one  assumes 
a  random  orientation  of  the  b  and  c  axes.  This  is  consistent  with 
the  experimental  observation. 

The  pathway  of  the  exchange  interaction  must  now  be  identi¬ 
fied.  Nitrate  ions  bridge  copper(II)  ions  in  Cu(N03)2*2.5H20 
forming  a  crooked  chain.  Even  though  this  chain  is  present  the 
magnetic  susceptibility,  which  displays  a  rounded  maximum  at  3.2 
°K,  has  been  adequately  described  as  arising  from  antiferromag- 
netically  exchange  coupled  pairs  (58,59)  with  the  predominant 
mode  of  exchange  thought  to  occur  between  the  chemical  chains. (60) 
The  shortest  Cu-Cu  separation  0*4.7  A)  is  between  copper  atoms  in 
the  crooked  chain.  Much  weaker  antiferromagnetic  interdimer  ex¬ 
change  effects  were  included  to  improve  the  fit  at  low  tempera¬ 
tures.  As  shown  in  Figure  16  a  possibility  for  this  same  nitrate 
bridge  exists  in  the  b-c  Diane  in  Cu (pyrazine) (N03)2  where  the 
Cu-Cu  separation  is  5.1  A.  Because  of  these  structural  similar¬ 
ities  dimeric  susceptibility  behavior  was  explored  in  Cu- 
(pyrazine) (N03)2 .  When  the  dimer  susceptibility  equation  was  used 
to  fit  the  data  a  value  of  J/k  =  -5.4°K  results  when  the  g  value 
was  restricted  to  the  range  2.00  to  2.20.  However,  the  calculated 
susceptibilities  are  consistently  lower  than  the  experimental 
values  with  the  difference  increasing  as  the  temperature  de¬ 
creases. 

Although  an  exchange  pathway  through  the  nitrate  ion  cannot 
be  completely  ruled  out  in  Cu(pyrazine) (N03)2 ,  the  clear  linear 
chain  behavior  in  this  compound  as  compared  to  the  pair  inter¬ 
action  in  Cu(N03)2*2.5H20  argues  strongly  against  this  pathway 
for  exchange.  The  results  with  the  substituted  pyridine  complexes 
to  be  described  below  offers  convincing  evidence  against  this 
pathway,  however,  before  that  can  be  presented  the  postulated 
mechanism  of  the  exchange  interaction  through  the  pyrazine  bridge 
will  be  described.  The  pyrazine  ring  is  perpendicular  to  the 
plane  in  which  the  bis(nitrato)copper(II)  units  lies,  and  the 
unpaired  electron,  in  the  single  ion  approximation,  is  in  the 
d  2_  2  orbital.  Now  it  develops  that  the  pyrazine  ring  is  canted 
wfthyrespect  to  the  xy  plane  such  that  the  highest  energy  occu¬ 
pied  molecular  orbital,  the  n  orbital,  has  the  proper  symme¬ 
try  to  overlap  with  the  dx2_„2  °rbital.  It  is  suggested  here  that 
the  exchange  is  propagated  in  this  manner.  To  test  this  mechanism 
complexes  have  been  prepared  with  substituted  pyrazines  with  the 
expectation  that  the  exchange  coupling  would  be  affected  by  the 
electronic  nature  of  the  substituent  on  the  pyrazine  ring.  Ex¬ 
change  by  means  of  the  alternate  pathway  through  the  nitrate 
"bridge"  would  be  dependent  on  the  steric  properties  of  the  sub¬ 
stituent  and  only  secondarily  dependent  on  the  electronic  nature. 

The  experimental  data  which  have  been  collected  (61,62)  are 
tabulated  in  Table  IV.  The  similarity  of  the  spectra  and  the  g 
values  can  be  taken  as  good  evidence  that  the  structures  of  the 
complexes  are  the  same  as  that  of  the  pyrazine  complex.  As  can  be 
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Figure  16.  A  view  of  CufpyrazineXNO,),  in  the  be  plane  which 
illustrates  the  weak  nitrate  bridge  between  copper  atoms.  For 
clarity  only  copper  atoms  lying  at  (Oil)  have  been  included  (55). 
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seen  In  Table  IV  there  Is  a  striking  correlation  of  the  ligand 
Tr-4-vir*  transition  with  2 J . There  is  also  a  correlation  between  2J 

Table  IV 

Spectral  and  Magnetic  Data  for  [Cu(R-pyrazine) (N0_)„] 

j  2  n 


LIGAND 

ligand 
it -u*,  cm" 1 

2  J ,  cm  1 

<g>  i 

complex 

d-d, cm  n  -Hi*. cm 

quinoxaline 

42,300 

-9.0 

2.15 

18,500 

29,000 

pyrazine 

38,460 

-7.2 

2.133 

17,860 

34,600 

methyl  pyrazine 

37,900 

-6.2 

2.145 

17,900 

35,100 

chloro  pyrazine 

33,700 

-2.8 

2.153 

17,800 

36,400 

and  the  charge  transfer  band  in  the  complex  which  is  most  likely 
n (ligand)-Ki* (metal) .  Since  there  is  such  a  good  correlation  of 
2J  with  the  electronic  properties  of  the  ligand,  and  none  at  all 
with  the  size  of  the  substituent  (which  should  separate  the 
chains  thereby  affecting  exchange  through  the  nitrate  ion) ,  it 
seems  conclusive  that  the  exchange  pathway  is  via  the  pyrazine 
bridge. 
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Complexes  Derived  from  Biscyclopentadienyl 
Titanium(III)  and  of  the  Infinite  RMX3  Linear 
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Introduction 


The  focus  of  this  paper  will  be  on  the  results  of 
experimental  studies  of  the  structural  and  electronic 
properties  of  two  types  of  linear  chain  systems  con¬ 
taining  metal  atoms: 


v  X  X  / 

\  /  \  /  \  / 

,-M  — X— M— X— M-  . 

/  \  /  \  /  \ 

'  V  V 
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Cp 
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The  results  we  have  obtained  for  the  biscyclopentadi¬ 
enyl  complexes,  which  are  recent  and  of  a  substantial¬ 
ly  more  preliminary  nature,  will  be  described  first. 

A  part  of  our  earlier  work  on  the  infinite  linear  tri- 
bridged  chain  systems  will  then  be  described  partly  by 
way  of  introduction  to  the  following  two  papers  by  Holt 
and  McPherson  on  their  studies  of  these  materials. 


Biscyclopentadienyl  Titanium  Derivatives 

The  reduction  chemistry  of  Ti(lV)  halides  was 
first  extensively  studied  as  part  of  the  development  of 
Ziegler-Natta  catalysts  in  the  late  1950' s.  It  was 
recognized  that  an  important  feature  of  titanium ( III ) 
chemistry  is  the  ability  of  Ti(lll)  to  set  as  a  Lewis 
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acid,  and  one  can  obtain  a  variety  of  complexes  depend¬ 
ing  upon  the  solvent,  reducing  agent  and  anion.  For 
example,  the  reduction  of  Cp2TiCl2  with  Zn  proceeds  ac¬ 
cording  to: 


2Cp2TiCl  +  ZnCl2  r>  u 

}  [CP2TiCl32ZnCl2 

or  2Cp2TiCl2  +  Zn 

5t^0  DME' 

[Cp2TiCl ]2  +  ZnCl2  [Cp2Ti (DME) ]2 [Zn2Cl6 ]  + 

[Cp2TiCl]2 


DME  =  dimethoxyethane 

The  2:1  complex  was  first  reported  by  Salzmann  in 
1968  (JL).  The  1:1  complex  has  not  been  previously  re¬ 
ported  and  was  obtained  by  addition  of  dimethoxyethane 
to  a  solution  of  the  2:1  complex. 

The  structural  chemistry  of  these  mixed  metal 
Ti (ill )  compounds  is  interesting.  The  molecular  struc¬ 
ture  of  the  1:1  zinc  complex  as  prepared  with  dimeth¬ 
oxyethane  was  recently  determined  by  us  and  is  shown  in 
figure  1.  It  contains  [Cp2Ti(DME)]  cations  and  the 
first  example  of  the  Zn2Cls2-  anion,  which  is  isoelec- 
tronic  with  Ga3Cle.  It  will  be  important  to  our  later 
discussion  to  have  some  idea  of  what  one  might  expect 
for  the  intermolecular  magnetic  interactions  of  bis- 
cyclopentadienyl  d1  systems.  We  have  examined  the  mag¬ 
netic  susceptibility  of  [Cp2Ti (DME) ]2 [Zn2Cl6 ]* CeHe  to 
4.5°K  and  found  that  the  intermolecular  exchange  is 
less  than  1  cm-1. 

The  molecular  structure  of  the  dibenzene  solvate 
of  the  2:1  compound  was  determined  by  us  and  inde-. 
pendently  by  Vonk  (2) .  Our  coordinates  are  shown  in 
figure  2.  The  paramagnetic  molecules  are  separated 
from  each  other  in  the  lattice  by  benzene  molecules. 

The  Zn-Cl-Ti  angle  is  90°  within  experimental  error, 
while  the  Cl-Ti-Cl  angle  is  8l.9(l)  •  The  Ti-Zn-Ti 
angle  is  173.2(l)°  and  the  Ti-Ti  distance  is  6.820(5)a. 

An  obvious  question  of  interest  is  whether  or  not 
there  is  any  evidence  of  exchange  coupling  between  the 
two  d1  metal  atoms  which  are  separated  by  the  diamag¬ 
netic  zinc  atom.  The  rotation  of  the  two  Cp2Ti  groups 
through  90°  with  respect  to  each  other  suggests  that 
any  exchange  pathway  through  the  zinc  atom  which  in¬ 
volves  zinc  orbitals  which  are  orthogonal  with  respect 
to  a  90°  rotation  about  the  long  orthogonal  axis  of  the 
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Figure  1.  Molecular  structure  of  [ Cp,Ti - 
(DMEfljlZnjClr,]  ■  CJlc.  Benzene  molecule 
omitted. 


Figure  2.  Molecular  structure  of  [Cp,TiCl]  tZnCl,  •  2Cr,He. 
Solvent  molecules  not  shown. 
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molecule  must  be  ferromagnetic.  Thus,  exchange  through 
p  ,  p  or  sp3  hybrid  orbitals  on  the  zinc  atom  would  re¬ 
sult  ¥n  ferromagnetic  coupling. 

To  our  knowledge,  there  are  no  known  examples  of 
linear  or  nearly  linear  trinuclear  metallic  systems  in 
which  1,3  magnetic  exchange  has  been  detected  through  a 
diamagnetic  metal  atom.  Sinn  (3)  has  reported  on  the 
magnetic  interactions  of  a  number  of  trinuclear  systems 
of  the  type  shown  below  in  which  the  approximate  ar¬ 
rangement  of  the  metal  atoms  is  an  isosceles  triangle 


where  M  =  Cu  and  Mr  is  a  variety  of  metals  including 
Mg.  Wo  1,3  magnetic  coupling  was  detected,  although  it 
should  be  pointed  out  that  the  magnetic  data  were 
measured  only  to  liquid  nitrogen  temperature  and  the 
absence  of  magnetic  exchange  was  based  on  the  magni¬ 
tude  of  the  Weiss  constant,  0.  Studies  of  the  tempera¬ 
ture  dependence  of  the  magnetic  susceptibility  of 
Ni3(acac)6  have  shown  that  an  antiferromagnetic  ex¬ 
change  between  the  terminal  nickel  atoms  via  the  para¬ 
magnetic  nickel (il)  central  atom  is  necessary  to  fit 
the  experimental  data  (_4). 

The  2:1  titanium-zinc  complexes  do  in  fact  ex¬ 
hibit  antiferromagnetic  behavior  as  shown  by  the  mag¬ 
netic  susceptibility  data  (figure  3)  for  the  compound 


[Cp2TiBr]2ZnBr2*  2C6H6 


These  data  were  fit  by  the  Van  Vleck  expression  for  a 
singlet-triplet  system: 

Xm  =  |k(t-^)  t1  +  1/3  exP  (-2JAT)]"1  +  Na 


The  data  were  measured  at  a  magnetic  field  of  10  K 
gauss  with  a  Zeeman  energy  of  cm”1.  In  Table  1 
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Figure  3.  Temperature  depend¬ 
ence  of  molar  susceptibility  and 
effective  moment  per  titanium  (BM) 
for  [CpiTiBr]tZnBrn  ■  2CeHe.  Dia¬ 
magnetic  correction  of  — 483  X  MF6 
c.g.s.  was  applied.  Theoretical 
curves  calculated  using:  J  =  —15.66 
cm'1,  g  —  1.94,  6  —  —1.37°K,  Na 
—  260  X  10  0  c.g.s. 


Figure  4.  Molecular  orbital  di¬ 
agrams  for  d"  and  d1  biscyclo- 
pentadienyl  systems 


MO  DIAGRAMS*  FOR  M(h5-C5H5)2CI2 
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are  the  results  of  a  similar  analysis  for  the  chloride 
and  for  the  dimeric  species;  [Cp2TiX]2»  X  =  Cl,  Br  as 
reported  by  Coutts,  Wailes  and  Martin  (_5).  Martin  (6) 

Table  1 


J ( cm" 1 ) 

[Cp2TiCl ]2ZnCl2* 2CeHe 

-8.93 

[Cp2TiBr ]2ZnBr2*  2C6H6 

-15.66  Jbi-/Jc1  ‘  1-75 

[Cp2TiCl]2a 

-78 

JbiAjI  =  1*60 

[Cp2TiBr]2 

-125 

a.  Prom  reference  5. 


has  pointed  out  that  for  a  superexchange  mechanism,  the 
transfer  integral  and  hence  the  exchange  coupling 
should  become  larger  as  the  electronegativity  of  the 
anion  decreases  and  this  appears  to  be  the  case  for  the 
trimetallic  systems  as  well.  However,  as  indicated  be¬ 
low,  this  similarity  may  very  well  be  fortuitous  and, 
in  fact,  there  is  evidence  that  the  exchange  mechanisms 
in  the  binuclear  and  trinuclear  systems  are  quite 
different. 

Fortunately,  there  is  some  experimental  and  theo- 
rectical  information  available  concerning  the  electron¬ 
ic  distribution  about  the  metal  atom  in  biscyclopenta- 
dienyl  d1  systems  which  leads  to  a  plausible  mechanism 
for  the  observed  antiferromagnetic  coupling.  Dahl  and 
Petersen  (7), (8)  have  recently  demonstrated  by  single 
crystal  esr  experiments  and  photoelectron  spectroscopy 
that  the  unpaired  electron  in  the  d1  system,  Cp2VCl2» 
is  primarily  in  a  molecular  orbital  of  ax  symmetry 
which  is  3-5  ev  below  the  lowest  unoccupied  molecular 
orbital  (figure  4).  The  unpaired  electron  density  is 
primarily  in  a  metal  orbital  which  is  perpendicular  to 
the  twofold  symmetry  axis  of  Cp2VCl2  and  in  the  plane 
of  the  VC12  group.  A  smaller  amount  of  unpaired  densi¬ 
ty  is  in  a  d  orbital  which  lies  along  the  bisector  of 
the  Cl-V-Cl  group  (Table  2).  The  same  ordering  of 
levels  was  obtained  theoretically  for  Cp2TiCl2,  and  it 
seems  likely  that  a  similar  electronic  distribution 
about  the  titanium  atom  will  prevail  in  [Cp2TiX]2ZnX2 
(X  =  Cl,  Br). 

In  figure  5,  two  antiferromagnetic  exchange  path¬ 
ways  are  shown  which  are  consistent  with  the  symmetry 
of  the  molecule  and  with  the  theoretical  and  experi¬ 
mental  results  of  Dahl  and  Petersen,  Both  are  of  sym¬ 
metry  b2  in  the  point  group  D2(i-  A  d  orbital  can  also 
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Figure  5.  Exchange  pathways  for  trime- 
tallic  Ti(III)  complexes 


Figure  6.  Experimental  data  (A)  and  theoretical  curve  for  tem¬ 
perature  dependence  of  molar  susceptibility  of  [ CptTiCl]t - 
BeClt  ■  2C6Hc ■  Parameters  used  in  curve  generation:  J  =  —6.89 
cm'1,  g  =  1.91,  6  =  1.87°K,  Na  =  260  X  10'e  c.g.s. 
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be  used  rather  than  a  p  orbital  giving  a  molecular 
orbital  of  ax  symmetry  (D2,).  We  note  in  passing  that 
the  combination  at  the  bottom  of  the  figure  which  in¬ 
volves  the  more  highly  populated  d  orbital  (d  2  in 
the  C2v  notation  of  Dahl  and  Petersen)  is  only  possible 
if  an  I  or  d  orbital  is  available  on  the  central  atom. 
In  order  to  determine  if  the  presence  of  a  d  orbital  is 
essential  for  the  presence  of  magnetic  exchange  in  this 
system,  the  compound  [Cp2TiCl ]2BeCl2' 2C6Hs  was  prepared 
and  recrystallized  from  a  benzene  solution.  It  is  iso- 
structural  with  the  zinc  compounds  and  has  a  tempera¬ 
ture  dependent  magnetic  susceptibility,  which  is  shown 
in  figure  6.  The  value  of  the  coupling  constant 
(-6.89  cm-1)  is  comparable  to  that  of  the  zinc  chlo¬ 
ride  compound.  It  appears  that  the  availability  of  d 
orbitals  on  the  central  metal  atom  is  not  essential  for 
1,3  exchange. 

A  slightly  different  type  of  one  dimensional 
chain  system  is  obtained  with  larger  metal  ions  in  the 
central  position.  With  Mn(ll)  in  tetrahydrofuran 
(THF) ,  the  structure,  as  shown  in  figure  7,  contains  a 
six  coordinate  central  metal  atom.  The  spin  state  cor¬ 
relation  diagram  for  a  d1-d5-d1  system  (figure  8)  sug¬ 
gests  two  possible  ground  states  for  IJ13/J12I  < 
i.e.,  for  J13  <  J12.  Here,  S'  represents  the  total 
spin  state  of  the  system  and  S*  is  the  spin  state  ob¬ 
tained  by  coupling  the  1,3  atoms.  J12  has  been  abbrevi¬ 
ated  as  J.  The  (3/5, l)  ground  state  will  be  obtained 
in  the  above  range  for  all  Ji2  <0,  while  the  (7/2, l) 
state  will  be  lowest  in  energy  for  J12  >  0.  The  ex¬ 
curve  for  [Cp2TiCl ]2MnCl2(THF) 2  is 
9.  The  value  of  u  extrapolates  to 
~3.8  BM  at  0°K  which  is  within  experimental  error  of 
the  spin  only  value  of  3.87  BM  for  three  unpaired  elec¬ 
trons  and  a  quartet  ground  state,  i.e.,  Ji2  must  be 
negative  with  anti ferromagnetic  coupling  between  the 
titanium  and  manganese  atoms.  It  was  possible  to  ob¬ 
tain  an  approximate  value  for  J12  of  -8  cm  1  by  fitting 
the  experimental  data,  but  J13  could  not  be  determined 
with  any  accuracy  since  only  small  changes  in  the 
calculated  magnetic  susceptibilities  over  a  narrow 
temperature  range  resulted  from  large  changes  in  J13. 
Zero  field  splitting  at  the  d5  ion  has  been  neglected 
in  the  above  considerations.  Polycrystalline  esr 
measurements  have  been  made  and  indicate  a  zero  field 
splitting  of  0.1  cm"1  for  this  material.  Further 
studies  of  d1-dn-d1  coupling  are  in  progress. 

In  addition  to  the  bridging  groups  and  the  central 
metal  atom,  another  parameter  which  can  influence  the 
exchange  coupling  in  biscyclopentadienyl  d1  complexes 


perimental  u  __ 
s hown  in  figure 
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Figure  7.  Molecular  structure  of  [Cp,TiCl]  ,MnClt(THF)j.  Thermal  ellip¬ 
soids  shown  at  50%  probability  level. 


Figure  8.  Spin  state  correlation  diagram  for  d^d5— d1  systems.  S  is  total 
spin  state,  S*  is  spin  state  obtained  by  coupling  only  the  terminal  para¬ 
magnetic  centers,  J  is  the  exchange  integral  between  terminal  and  central 
metals,  and  J,.,  is  exchange  integral  between  terminal  metals. 
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is  the  cyclopentadienyl  ring.  The  magnetic  suscepti¬ 
bility  data  for  [Cp2TiCl]2  shows  a  small  anomaly  just 
above  the  transition  temperature  which  Martin  suggests 
may  be  due  to  three  dimensional  cooperative  inter¬ 
actions  (5) , (9) .  The  most  likely  mechanism  for  the 
three  dimensional  cooperative  interaction  would  involve 
the  hindered  rotation  of  the  cyclopentadienyl  groups. 

Do  cooperative  phenomena  of  this  nature  have  any  effect 
on  magnetic  exchange  in  this  molecule  or  in  the  tri- 
nuclear  molecules?  When  the  mono-methyl  substituted 
derivative,  [ (MeCp)2TiCl]2  is  examined,  one  finds  the 
results  shown  in  figure  10  for  the  magnetic  suscepti¬ 
bility.  There  is  more  than  a  twofold  increase  in  the 
value  of  J  to  <~l66  cm  1.  No  structural  data  have  been 
reported  for  [Cp2TiCl]2,  however,  a  model  based  on  the 
structural  results  for  [Cp2TiCl2 ]2Zn  (figure  ll) 
strongly  suggests  that  the  cyclopentadienyl  rings  may 
be  coupled  via  intramolecular  interactions  between 
cyclopentadienyl  rings  on  the  same  titanium  atom  and 
between  cyclopentadienyl  rings  on  the  different  ti¬ 
tanium  atoms  within  a  dimer.  We  would  suggest  that  the 
mean  Ti-Ti  distance  within  a  dimer  for  the  various 


rotameric  isomers  which  are  obtained  at  high  tempera¬ 
ture  will  probably  be  greater  than  that  for  the  ground 
state  low  temperature  rotameric  isomer.  In  the  com¬ 
pound  [ (MeCp)2TiCl ]2,  the  methyl  group  "locks  in"  the 
ground  state  isomer,  i.e.,  raises  the  potential  barrier 
to  rotation.  This  has  some  interesting  implications. 


It  suggests,  for  example,  that  the  order  of 
J  >  J  ~  J„  observed  by  Martin  (5)  for  [Cp2TiX]2 
complexes  is  aue  to  the  anomalous  behavior  of  X  =  Cl 
and  not  X  =  I,  i.e.,  the  increasing  magnetic  exchange 


does  not  follow  decreasing  electronegativity  as  noted 


above,  but  instead  follows  a  decrease  in  the  Ti-Ti 
distance.  The  predominant  mechanism  for  exchange  would 
then  be  a  direct  metal-metal  interaction.  This  is  con¬ 


sistent  with  the  unpaired  spin  density  distribution 
found  by  Dahl,  which,  however,  does  not  exclude  super¬ 
exchange  via  the  bridging  ligands.  Additional  magnetic 
susceptibility,  heat  capacity,  and  structural  studies 
are  now  in  progress  at  the  University  of  Illinois  in 
order  to  more  clearly  define  the  above  and  related  sys¬ 
tems.  If  the  above  model  is  valid,  one  would  not  ex¬ 
pect  a  significant  difference  in  the  magnetic  exchange 
upon  methyl  substitution  in  the  trinuclear 
[Cp2TiCl ]2ZnCl2  compounds.  The  magnetic  suscepti¬ 
bility  data  for  [ (MeCp)2TiCl ]2ZnCl2  is  shown  in  figure 
12  and  gives  a  value  of  J  of  -7.3  cm  1  which  is  com¬ 
parable  to  that  of  the  unsubstituted  material. 
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Figure  9.  Temperature  dependence  of  effective  moment  (BM) 
per  trimer  of  [CptTiCQiMnCltfTHFfi.  Diamagnetic  correction  of 
—416  X  10  6  c.g.s.  was  applied. 


Figure  10.  Temperature  dependence  of  molar  susceptibility  of 
[(MeCp)tTiCl]t.  Theoretical  curve  calculated  using  J  =  —166 
cm'1,  6  =  0.87°K,  g  =  2.06 ,  Na  =  260  X  10  e  c.g.s. 


Figure  11.  Intramolecular  interactions 
of  cyclopentadienyl  rings  in  [CptTiX]g 
complexes 
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Finally,  we  would  like  to  note  that  numerous 
other  combinations  of  metal  ions  (e.g.,  zirconium  and 
vanadium)  and  bridging  group  (e.g.,  -NR2,  -PH2j  -OR, 
-SR)  are  possible  in  this  series  and  a  systematic  ex¬ 
perimental  survey  of  the  exchange  in  these  compounds 
can  be  expected  to  provide,  at  the  very  least,  an  em¬ 
pirical  understanding  and  classification  of  the  elec¬ 
tronic  coupling  of  triatomic  metal  systems. 

RMX3  Complexes 

Compounds  of  the  type  RMX3  (R  =  unipositive 
cation,  M  =  divalent  transition  metal  cation,  X  =  halo¬ 
gen)  form  a  large  class  of  one  dimensional  systems  with 
the  general  structure  shown  in  figure  13  ( 10) .  The  one 
dimensional  properties  have  been  beautifully  demon¬ 
strated  by  low  temperature  nmr  and  neutron  diffraction 
studies  (ll).  The  fact  that  one  is  not  dealing  with  a 
completely  isolated  one  dimensional  chain  is  evident  in 
that  the  R  group  can  be  used  to  "tune"  the  electronic 
properties  of  the  transition  metal  as  illustrated  in 
Table  3.  Thus,  one  finds  that  there  is  a  change  of 
0.l4ft  itji  the  nickel-nickel  distance  going  from  R  = 
(CH3)4N  to  R  =  K  .  The  corresponding  change  in  10  Dq 
is  750  cm-1  and  the  Curie-Weiss  constant  changes  from 
0  to  -112°K  (RbNiCl3).  There  are  few,  if  any,  systems 
in  which  the  first  coordination  sphere  of  the  metal 
atom  can  be  so  systematica.lly  and  subtly  varied. 

An  important  question  which  has  become  obvious  to 
many  people  during  the  past  year  is,  "Can  one  predict 
if  a  one  dimensional  structure  such  as  that  shown  in 
figure  13  will  be  obtained?"  We  have  examined  this 
question  from  a  strictly  empirical  point  of  view  with 
the  results  shown  in  figure  14  and  Table  4. 

There  are  at  least  five  different  configurations 
adopted  by  RMX3  compounds  (figure  l4):  primitive 
cubic,  hexagonal,  and  various  combinations  of  hexagonal 
(one  dimensional)  and  primitive  cubic  packed  struc¬ 
tures.  The  purely  hexagonal  configuration  is  the  2L, 
one  dimensional  structure  discussed  previously.  2L 
refers  to  the  crystallographic  repeat  distance  in  the 
linear  chain  direction.  The  ratio  of  hexagonal 
(linear)  to  cubic  packing  increases  from  6l  to  4l  to 
9L.  Remembering  this,  then,  an  examination  of  known 
RMX3  structures  reveals  that  the  hexagonal  1-d  con¬ 
figuration  is  favored  by: 

(1)  Increased  CFSE  (crystal  field  stabilization 
energies) 

(2)  Larger  X  groups  + 

(3)  Larger  R  groups  (to  a  point ;  (C5H5)4N 
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Degrees  Kelvin 


Figure  12.  Temperature  dependence  of  molar  susceptibility 
of  [(MeCpftTiClftZnClt.  Theoretical  curve  calculated  using 
J  —  -7.26  cm1,  g  =  1.92,  6  —  0.69°K,  N«  —  260  X  10"6  c.g.s. 


Figure  13.  One-dimensional  structure  of 
RMX3  compounds.  R  =  (CHS),,N\  M  =  Ni 
and  X  =  Cl  (10). 
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Table  4 

Summary  of  Structures  of  CsMX3  Compounds 


F 

Cl 

Br 

I 

(1.36) 

(1.81) 

(1.95) 

(2.16) 

Mg (O.65) a 

— 

2L  (16) 

2L  (17) 

2L  (18) 

V(0.87) 

— 

2L  (19) 

2L  (20) 

2L  (18) 

Cr(0.84) 

— 

2L  (21) 

2L  (22) 

2L  (18) 

Mn(0 .80) 

6l  (23) 

9L  (24) 

2L  (20) 

— 

Fe(0.76) 

CT\ 

t 

Iro 

iv-n 

2L  (26) 

2L  (20) 

— 

Co(0.78) 

9L  (21) 

2L  (28) 

— 

— 

Ni(0.78) 

2L  (22) 

2L  (30) 

2L  (31) 

2L  (18) 

Cu(0.69) 

— 

2L  (32) 

4L  (22) 

Cd(0.97) 

— 

6L  (32) 

Summary  of  Structures 

Of  RMCI3 

Compounds 

(Me )4N 

Cs 

Rb 

K 

(2.60) 

(1.69) 

(1.48) 

(1.33) 

Vo(0.87)a 

— 

2L  (19) 

— 

2L  (19) 

Cr(0.84) 

— 

2L  (16) 

— 

-- 

Mn(0.8o) 

2L  (34) 

9L  (18) 

6l  (35) 

tetragonal 

Fe(0.76) 

— 

2L  (25) 

2L  (25) 

— 

Co(0.78) 

— 

2L  (28) 

2L  (36) 

— 

Ni(0.78) 

2L  (11) 

2L  (30) 

2L  (32) 

3L  (20) 

Cu(0. 69) 

-- 

2L  (38) 

— 

4L  (39) 

Cd( 0. 97 ) 

2L  (33) 

6l  (33) 

— 

— 

a.  The  numbers  in  parentheses  are  the  ionic  radius  of 
each  atom. 
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Figure  14.  Perspective  projections  of  octahedra  network  in  a  unit 
ceU  of  RMX3  complexes  (15).  (a)  P.  (b)  2L.  (c)  6L.  (d)  4L. 

(e)  9L. 


V^VCsMqBr. 


Figure  15.  Ligand  hyperfine  in  the  esr  spectra  of  V2*  doped  into 
CsMgBr,,  and  CsMgh  (41) 
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favors  tetrahedral  NiCl42-. 

We  have  examined  the  electronic  properties  of 
these  complexes  by  a  variety  of  methods,  and  some  of 
the  more  recent  work  in  this  area  will  be  described  in 
the  following  two  papers.  In  closing,  two  interesting 
observations  which  we  have  made  will  be  briefly 
described. 

CsMgX3  salts  provide  a  convenient  isostructural 
diamagnetic  matrix  into  which  to  dope  the  paramagnetic 
transition  metal  ions  ( l6 ) ,  (4l ) .  Covalency  effects  are 
strikingly  apparent  in  TEe  ligand  hyperfine  as  it  is 
shown  superimposed  on  the  |-l/2  >  -»  | +1/2  >  transition 
of  the  esr  spectra  of  the  V2  bromine  and  iodine  com¬ 
plexes  (figure  15).  The  spin  Hamiltonian  parameters, 
excluding  the  ligand  hyperfine  tensors,  are  shown  in 
Table  5.  The  increase  in  covalency  Cl“  ->  Br~  ->  I~  is 
evident  in  both  the  decrease  in  the  metal  hyperfine 
constants  and  in  the  changes  in  the  g  tensor.  In  fact, 
we  observe  for  the  iodine  complex  a  very  unusual  ex¬ 
ample  of  an  early  transition  element  in  a  nearly  octa¬ 
hedral  field  with  both  g,  and  g,  greater  than  the  free 
electron  g  factor  of  2.0023.  This  is  qualitatively 
explicable  in  terms  of  McGarvey's  theory  (42), (45)  of 
covalency  for  d3  systems  in  which  the  ligand  molecular 
orbital  coefficients  enter  into  the  expression  for  the 
g  tensor,  weighted  by  the  ligand  spin  orbital  coupling 
constant. 

The  last  experimental  observation  that  will  be 
described  is  illustrated  by  the  single  crystal  elec¬ 
tronic  absorption  spectrum  of  CsCrCl3  ( 21 ;  (figure  l6). 
The  concentration  dependence  of  this  spectrum  in 
CsMgCl3  is  also  shown.  Two  features  of  interest  in  the 
spectrum  are  (l)  a  band  at  22,000  cm”1  which  is  not  ex¬ 
plained  by  ligand  field  calculations  and  (2)  an  en¬ 
hanced  intensity  of  spin  forbidden  transitions  by  ap¬ 
proximately  an  order  of  magnitude.  The  polarization  of 
the  22,000  cm  1  band  is  particularly  strong  and  its 
temperature  dependence  is  not  that  expected  for  a  vi- 
bronic  mechanism.  The  explanation  for  this  effect  was 
first  proposed  by  Dexter  (44 )  and  later  elaborated  upon 
by  Day  (45)  and  others. 

In  its  simplest  form  (figure  17),  a  single  photon 
results  in  the  formation  of  either  two  excitons  or  an 
exciton  and  a  magnon.  In  both  cases,  the  total  spin 
symmetry  is  conserved.  In  CsCrCl3,  the  former  results 
in  a  band  at  approximately  twice  10  Dq,  the  latter  re¬ 
sults  in  an  enhanced  allowedness  for  the  spin  forbidden 
quintet-triplet  and  quintet- singlet  transition. 

In  summary,  the  infinite  one  dimensional  complexes, 
RMX3,  provide  an  unusually  broad  and  interesting  class 
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Figure  16.  Electronic 
absorption  spectrum  at 
77°K  of  CsCrCk  and 
CsCrCh  doped  into  Cs- 
MgCls  (16).  Spectra  with 
E  polarized  parallel  and 
perpendicular  to  the 
crystallographic  c  axis 
are  denoted  by  1 1  and  l . 
e  values  are  in  liter 
mole cm’. 


am°  =  -i  amJ=*i  amJ=-i  amJ=*i 


am,=o  am,=o 

AS  =  0  AS  =  0 

hi/  exciton  ♦  exciton  hv  a/vo—  exciton  ♦  moqnon 

Figure  17.  Simultaneous  pair  excitation  model  (44,  45) 
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of  materials  for  the  investigation  of  cooperative 
electronic  effects. 
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Optical  Properties  of  Linear  Chains 


S.  L.  HOLT 

University  of  Wyoming,  Laramie,  Wyo.  82070 


Compounds  of  the  formulation  RMX3,  where  R  is  a 
heavy  alkali  metal  ion  (Cs+  or  Rb+)  or  an  organic 
cation  such  as  (CH3)4N+,  M  is  a  first  row  divalent 
transition  metal  ion,  and  X  is  Cl-,  Br  or  I  ,  display 
unusual  magnetic  behavior .(1,2)  This  behavior  is 
predominately  one-dimensional  and  arises  in  large  part 
because  of  the  one-dimensional  molecular  structure  of 
these  materials.  Figure  1  shows  the  chain-like  con¬ 
stitution  exhibited  by  all  compounds  of  this  type. 

These  chains  consist  of  face-sharing  octahedra.  The 
larger  circles  represent  the  bridging  halide  ions  while 
the  smaller  circles  represent  the  transition  ions.  As 
shown  in  Figure  2,  these  chains  are  physically  separa¬ 
ted  by  the  cations,  in  this  case,  (CD3>4N+.  These 
cations  provide  the  magnetic  insulation  between  chains 
with  the  interchain  distance  and  thus  the  strength  of 
interchain  interaction  being  dependent  upon  the  size  of 
cation,  i.e.,  the  larger  the  cation  the  smaller  the 
interchain  interaction. 

Figure  3  shows  the  pathway  of  the  exchange.  As 
drawn,  it  suggests  that  the  exchange  involves  primarily 
the  overlap  of  the  dz^  orbital  of  Cation  1  with  the  pa 
orbital  of  the  bridging  anion  followed, by  the  inter¬ 
action  of  the  pa  electrons  with  the  dz2  of  Cation  2. 
Indeed,  other  orbitals  may  be  involved  as  is  schemat¬ 
ically  shown  in  Figure  4. 

In  this  case,  we  have  superexchange  illustrated 
for  both  90°  bonded  chromium(III)  ions  and  90°  bonded 
iron(II)  ions.  In  the  upper  part  of  the  figure,  we 
have  the  chromium( III)  case  and  hence,  are  dealing  with 
3  d-electrons.  The  d-electrons  on  Cation  1  are  found 
in  t2g  orbitals,  as  are  those  on  Cation  2.  An  electron 
from  the  pa  orbital  of  the  ligand  is  shown  as  being 
virtually  exchanged  into  the  eg  orbitals  of  Cation  1. 
The  coupling  process  of  lowest  energy  requires  that  the 
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Figure  1.  A  portion  of  the  linear  chain  of  an  RMX.( 
compound  (adopted  from  Ref.  1) 


(CD3)4N  + 


Figure  2.  Crystal  structure  of  (CD.,)MnClj  (adopted  from  Ref.  1) 
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Figure  3.  The  90°  exchange  pathway  between 
two  interacting  metal  ions  (adopted  from  Ref.  2) 


Cation  I  Anion  Cation  2 


Figure  4.  Superexchange  pathway  in  (a)  90° 
bonded  C/^'-Cr3*;  (b)  90°  bonded  Fe2'—Fe2' 
(adopted  from  Ref.  2). 
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spin  of  the  virtually  exchanged  electron  be  the  same  as 
that  In  the  t2g  set  of  Cation  1. 

The  Pauli  Exclusion  Principle  then  requires  that 
the  other  electron  in  the  pc?  orbital  of  the  ligand  have 
a  spin  of  opposite  sign  (in  this  case  down)  .  Because 
there  are  no  electrons  in  the  eg  orbitals  of  Cation  2, 
only  one  exchange  process  is  possible,  that  process 
that  gives  rise  to  a  - J ,  i.e. ,  antiparallel  exchange 
coupling  between  the  pa  electron  of  the  anion  and  t2g 
electrons  of  Cation  2. 

The  net  effect  is  to  allow  ferromagnetic  coupling 
between  Cation  1  and  Cation  2  with  the  overall  be¬ 
havior  shown  by  the  compound  being  ferromagnetic. 

In  the  lower  part  of  the  figure,  we  have  the  case 
of  90°  exchange  between  two  Fe2+  ions.  In  this  case 
things  are  not  so  clear  cut.  Virtual  exchange  between 
the  pa  electron  of  the  anion  and  the  electrons  in  the 
eg  orbitals  of  Cation  1  is  antiferromagnetic  in  nature. 
This  does  not  dictate  the  overall  spin  arrangement 
however.  As  we  can  see  there  exists  the  possibility 
for  ferromagnetic  as  well  as  antiferromagnetic  exchange 
between  the  electron  in  the  pa  orbital  of  the  anion 
and  the  electrons  in  the  d-orbitals  of  Cation  2.  The 
resultant  magnetic  behavior  depends  only  upon  which  is 
stronger,  the  coupling  between  the  electron  in  the  pa 
orbital  and  the  eg  electrons  or  the  coupling  between 
the  pa  electron  and  the  t2g  electrons.  If  this  cou¬ 
pling  is  sufficiently  strong  to  produce  preferential 
alignment  and  involves  several  cation  centers  then 
conditions  have  been  fulfilled  for  the  creation  of 
spin-waves . 

The  drawing  in  Figure  5  is  a  schematic  depiction 
of  a  spin-wave  in  a  one  dimensional  f erromagneti cally 
coupled  system.  As  one  can  see,  a  spin  deviation  at 
one  end  of  the  chain  causes  spin  deviations  down  the 
line  producing  the  "spin-wave".  As  a  quantum  of  energy 
called  a  phonon  excites  a  vibration,  a  quantum  of 
energy  called  a  magnon  causes  a  spin-wave.  If  one  has 
isolated  chains  within  a  material,  magnons  will  induce 
spin-waves  in  these  chains  independent  of  each  other. 

The  presence  of  magnetic  coupling  and  the  induce¬ 
ment  of  spin-waves  can  be  shown  experimentally  through 
inelastic-neutron-scattering  techniques.  Figure  6 
shows  the  variation  with  temperature  of  the  excitation 
which  is  associated  with  the  presence  of  spin-waves  in 
the  compound  (CD3)4MnCl3.  As  can  be  seen  the  spin-wave 
is  well  defined  at  1.9°K.  This  definition  decreases  as 
one  increases  the  temperature  to  40°K.  This  marked 
decrease  in  intensity  is  to  be  expected  as  the  three- 
dimensional  ordering  temperature  has  been  shown  to  be 
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Figure  5.  Schematic  of  a  spin  wave,  (a)  View  in  the  ac  plane,  (b)  View  in  the  ab  plane 

(adopted  from  Ref.  3). 
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Figure  6.  Variation  with  temj>era- 
ture  of  the  excitation  at  (0.3,  0, 1.10), 
q,.*  =  0.10  reciprocal  lattice  units 
compound  is  (C  D3)  ,,N  MnCl., 
(adopted  from  Ref.  1). 
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0.84°K.  Thus,  as  one  increases  the  temperature  above 
this,  continually  greater  disorder  and  decoupling  along 
the  chains  will  occur.  One  would  expect,  as  a  general 
phenomenon,  the  presence  of  spin-waves  should  be  less 
evident  the  higher  T  is  above  Tjj. 

Our  primary  interest  here  will  be  with  the  optical 
manifestation  of  these  spin-waves.  Figure  7  shows  the 
various  types  of  electronic  processes  one  is  likely  to 
encounter  in  a  magnetically  coupled  transition  metal 
containing  material.  We  shall  focus  our  attention 
primarily  upon  those  transitions  which  are  spin- 
forbidden  in  nature,  i.e.,  those  which  undergo  a  change 
in  spin-multiplicity,  since  it  is  here  that  the  effects 
of  the  spin-wave  phenomenon  on  the  electronic  transi¬ 
tions  will  be  seen. 

The  first  part  of  Figure  7  shows  the  process  which 
occurs  when  you  have  a  magnetically  and  optically 
dilute  system  in  which  the  spin-multiplicity  may 
change.  This  is  a  normal  excitation  caused  by  a  photon 
where  the  sublattices  act  independently  of  each  other. 
In  the  case  shown  here,  we  have  only  the  excitation  of 
an  electron  from  the  ground  state  on  sublattice  A  into 
an  excited  state  with  the  accompanying  spin-flip. 

This  will  usually  be  seen  in  the  spectrum  of  a  compound 
as  a  weak  absorption  band.  The  weakness  of  such  a 
transition  arises  because  it  is  both  parity  and  spin- 
forbidden,  AS^O.  Such  is  not  the  case  in  an  optically 
concentrated  system  where  cooperative  excitations  such 
as  we  see  in  the  second  part  of  Figure  7  may  occur.  In 
this  case,  by  exciting  an  electron  from  the  ground 
state  in  sublattice  A  and  simultaneously  exciting  an 
electron  with  the  opposite  spin  on  sublattice  B,  we 
can  conserve  the  spin-angular  momentum,  i.e.,  AS=0. 

This  is  called  an  exciton'exciton  transition.  The 
consequences  of  the  conservation  of  spin  is  to  provide 
a  band  or  transition  which  is  relatively  intense  in 
comparison  to  a  normal  spin-forbidden  transition.  (In 
the  case  we  have  chosen  both  the  excitation  on  sub¬ 
lattice  A  and  the  one  on  sublattice  B  are  by  themselves 
spin-forbidden.  This  is  not  an  exclusive  requirement 
for  an  exciton’exciton  transition.)  Note  also  that  if 
this  excitation  of  A  and  B  are  individually  the  same  as 
the  single  exciton  excitation  shown  in  the  first  part 
of  this  figure,  then  the  cooperative  exciton'exciton 
transition  will  occur  at  approximately  twice  the  energy 
of  the  exciton-only  transition. 

In  the  third  part  of  the  figure,  we  have  an 
exciton+magnon  transition.  This  is  the  first  of  these 
various  phenomena  which  are  strictly  characteristic  of 
a  magnetically  concentrated  system.  The  first  two 
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Ref.  2) 


Figure  8.  Exciton  (El,  E2)  and  exciton  -f-  magnon  (VI, 
<rl,  (t2)  transitions  in  MnF2  (adopted  from  Ref.  4) 
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processes,  the  exclton  and  excl ton • excl ton  transitions 
are  characteristic  of  magnetically  dilute  systems  as 
well  as  magnetically  concentrated  systems.  The  case  of 
the  exci ton+magnon  excitation  requires  a  magnetically 
coupled  system,  however.  The  exci ton+magnon  transition 
is  a  combination  of  a  normal  spin-forbidden  transition 
such  as  shown  on  sublattice  A  and  a  spin-deviation  of 
low  energy,  such  as  shown  on  sublattice  B.  Here  again, 
just  as  in  the  exciton* exclton  transition  we  see  that 
the  selection  rule  AS=0  is  obeyed.  In  other  words,  we 
have  an  up-spin  on  A  going  to  a  down-spin  simultane¬ 
ously  with  a  down-spin  on  B  going  to  an  up-spin.  The 
difference  between  this  and  an  exci ton • exci ton  transi¬ 
tion  is  that  this  process  arises  only  in  the  case  of 
magnetically  coupled  systems  and  the  energy  of  the 
allowing  excitation  on  B  is  of  considerably  less  mag¬ 
nitude  than  that  for  the  normal  exclton • exclton  tran¬ 
sition. 

The  last  diagram  in  Figure  7  shows  a  second  pro¬ 
cess  by  which  the  presence  of  a  cooperative  magnetic 
interaction  in  the  system  helps  to  allow  an  electronic 
excitation.  This  is  called  the  exciton-magnon .  In 
this  case,  we  have,  as  before,  a  spin-forbidden  exci¬ 
tation  on  sublattice  A  but  as  opposed  to  the  exciton+ 
magnon,  we  have  already  created  an  excitation  on  sub¬ 
lattice  B  which  then  decays  at  the  same  time  as  the 
excitation  occurs  on  sublattice  A.  As  we  can  see,  the 
spin  is  conserved  in  this  system  as  well  as  in  the 
previous  two  systems. 

One  observable  difference  between  the  exciton+ 
magnon  and  exciton-magnon  is  their  position  relative  to 
the  pure  exciton  line.  It  should  be  clear  from  Figure 
7  that  the  exciton+magnon  will  occur  at  higher  energies 
than  the  pure  exciton  line,  while  the  exciton-magnon 
will  occur  at  lower  energies  than  the  pure  exciton 
line.  The  case  for  the  exciton+magnon  is  shown  quite 
graphically  in  Figure  8. 

These  latter  three  excitations  all  have  one  thing 
in  common  and  that  is  their  unusual  intensity.  The 
variation  of  these  intensities,  as  a  function  of  T  will 
differ,  however.  Figure  9  shows  the  calculated  temp¬ 
erature  dependence  for  both  the  exciton+magnon  (cold 
band)  and  exciton-magnon  (hot  band)  cases.  This  sug¬ 
gests  that  a  major  change  in  oscillator  strength 
should  occur  below  T^j.  The  magnitude  of  this  change 
will  depend  upon  the  relative  contribution  of  magnon 
hot  and  cold  bands  and  phonon  modes. 

Figure  10  shows  the  calculated  temperature  depend¬ 
ence  (solid  line)  for  a  two  exciton  transition  in 
RbMnF3.  As  can  be  seen  from  the  experimental  result 
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Figure  9.  Calculated  temperature  dependence  of 
magnon  side  hands  in  MnF,  (adopted  from  Ref.  5) 


Figure  10.  Temperature  dependence  of  the  intensity 
of  two-exciton  absorption  in  RbMnF ,  (adopted  from 
Ref.  6) 
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(dashed  line)  the  agreement  is  relatively  good.  Figure 
11  provides  us  with  the  experimentally  determined  in¬ 
tensity  variation  of  excit on-magnon  transitions  in 
RbMnF3  and  MnF2. 

The  criteria  then  for  identifying  magnon  assisted 
transitions  are:  1)  to  look  to  energies  slightly  high¬ 
er  and  slightly  lower  than  the  parent  spin-forbidden 
transition  for  anomously  intense  manifolds  and  2) 
ascertain  if  an  anomolous  intensity  change  occurs  in 
the  region  of  the  Neel  point.  Criterion  1)  should  be 
qualified  in  that  only  the  magnon  assisted  transitions 
may  be  visible,  the  parent  line  being  too  weak  to  be 
observed . 

One  of  the  RMX3  systems,  in  which  we  have  had 
considerable  interest  is  that  containing  the  transition 
metal  ion  nickel.  Table  I  shows  the  various  crystal¬ 
lographic  parameters  for  a  number  of  nickel-containing 
compounds.  Also  included  are  the  room  temperature 
magnetic  moments,  their  Weiss  constants  and,  where 
known,  an  indication  of  their  Neel  temperatures.  As  0 
can  be  seen,  the  interchain  distances  varjj  from  9.35  A 
in  the  case  of  (CH2)4NiBr3,  down  to  6.85  A  in  the  case 
of  T INi C 1 3 .  This  then  should  give  us  a  large  range  in 
which  to  look  at  the  effect  of  inter-  versus  intrachain 
coupling . 

To  this  moment,  the  measurements  that  we  have  made 
have  been  restricted  to  (CH3) 4NNiCl 3 ,  CsNiCl3,  CsNiBr3, 
Rb N i C 1 3  and  RbNiBr3-  Indeed,  even  in  the  case  of  the 
(CH3) 4NiCl3  we  see  from  Table  I  that  it  has  been  found 
to  be  ferromagnetic,  consequently  should  not  and,  in 
fact,  does  not  exhibit  any  magnon  assisted  transitions 
in  its  optical  spectrum.  Consequently,  our  discussion 
is  restricted  to  the  alkali  metal  salts  of  the  nickel 
halides. 

In  Figure  12  we  see  the  spectrum  of  an  ^2%  solid 
solution  of  CsNiCl3  in  the  colorless,  non-magnetic 
diluent  CsMgCl3.  This  is  basically  a  normal  spectrum 
for  the  Ni2+  ion.  The  absorption  maximum  occuring  at 
approximately  7,000  cm-3-  is  the  3A2g“>p3T2g(Pl)  transi¬ 
tion.  This  is  followed  by  the  spin-allowed  3A2g+ 

3t ig ( F)  transition  at  12,000  wave  numbers.  Superim¬ 
posed  upon  it  is  the  spin-forbidden  3A2g“>p3-Eg  transi¬ 
tion.  The  3A2g"*’-*-T2g  transition  then  lies  at  ^18000 
cm-1  followed  by  the  3A2g-*’1Aig  transition  at  19000 
cm-1.  The  spin-allowed  3A2g-*-3Tlg(P)  transition  is 
then  observed  at  22000  cm-3-.  This  in  turn  is  followed 
by  the  spin-forbidden  3A2  g+lTig  ( G)  (^24,000  cm  ), 
3A2g-,-1Eg(G)  (25,700  cm-1)  and  3A2g-*-1T2g(G)  (26,000 

cm-3)  transitions. 

Figure  13,  the  spectrum  of  CsNiCl3  at  5°K,  shows 
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Temperature 

Figure  11.  Experimental  temperature  dependence 
of  oscillator  strengths  for  exciton-magnon  transition 
eAls(6S )  —  >E,J(iG),  4Ai,,(4G)  in  MnF ,  and  RbMnF, 
(adopted  from  Ref.  7) 
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Figure  13.  The  5 °K  spectrum  of  CsNiCL,  j_Z  (adopted 
from  Ref.  8) 


Figure  14.  The  5 °K  spectrum  of 
CsNiBr.,,  iZ  (adopted  from  Ref.  8) 
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15  10  5 

Energy  cm'1  x  10’3 


Figure  15.  Temperature  dependence  of  the  spectrum  of 
CsNiBrs,  j_Z 
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a  marked  difference  in  the  relative  intensities  of 
several  of  the  bands  when  compared  to  Figure  12.  Of 
principle  interest  are  those  bands  which  are  above 
18,000  wave  numbers.  That  band  at  approximately  19,000 
which  has  been  identified  as  the  spin-forbidden  3A2g'* 
lAlg  transition  is  seen  to  have  gained  intensity  rela¬ 
tive  to  the  spin-allowed  transitions  both  above  and 
below  it.  The  same  may  be  said  for  the  higher  energy 
spin-forbidden  transitions  which  lie  above  the  allowed 
3A2 ( F)  transition. 

Turning  now  to  the  spectrum  of  CsNiBr3,  Figure  14, 
one  can  again  see  that  the  same  intensity  pattern  is 
repeated.  Figure  15  shows  the  temperature  dependence 
in  the  lower  energy  region  for  both  the  spin-allowed 
and  spin-forbidden  bands  in  CsNiBr3.  As  can  be  seen, 
the  primary  feature  of  the  temperature  dependence  is  a 
rapid  increase  in  the  intensity  of  the  formally  spin- 
forbidden  bands  with  decreasing  temperature.  This  is 
in  contrast  to  the  decrease  in  intensity  of  the  spin 
allowed  transitions.  This  rapid  increase  in  intensity 
at  T>>Tfj  is  in  contrast  to  both  work  reported  by  Lohr 
and  McClure  (9^)  on  some  manganese  salts  and  to  the  work 
of  Fujiwara  et_  al^  (7)  cited  earlier,  Figure  11.  That 
this  behavior  is  co-mmon  to  all  of  the  antiferromagnetic 
RMX3  studied  is  graphically  shown  in  Table  II  where  the 
oscillator  strengths,  both  in  the  i.  C  and  1 1 C  direc¬ 
tions,  are  shown  as  a  function  of  three  temperatures; 
room,  80°  and  5°K.  As  may  be  seen,  in  all  cases  a 
rapid  increase  of  the  intensity  of  the  magnon-assisted 
exciton  lines  in  the  alkali  halides  is  noted.  This 
suggests  that  the  intensity  producing  mechanism  is 
similar  in  all  cases  and  perhaps  of  a  different  nature 
than  that  seen  for  RbMnF3  and  MnF2-  This  latter  point 
is  one  which  deserves  more  study.  Unfortunately,  the 
limited  amount  of  data  available  do  not  allow  us  to 
sort  out  inter-  versus  intrachain  effects.  Close 
inspection  also  shows  that  the  parent  exciton  line  does 
not  appear  to  be  discernable  in  the  cases  shown.  The 
exci ton+magnon  are  clearly  seen,  however. 
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Science  Foundation  for  support  of  this  research  and  to 
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Spectroscopic  and  Magnetic  Properties  of  CsMI3 
Type  Transition  Metal  Iodides 

G.  L.  McPHERSON  and  L.  J.  SINDEL 
Tulane  University,  New  Orleans,  La.  70118 


As  the  two  previous  papers  demonstrate,  there  has 
been  a  great  deal  of  interest  in  transition  metal 
salts  of  the  general  formula  M(l)M/  (Il)X3  (where  M(l) 
is  a  large  univalent  cation,  M'  (II )  a  divalent  transi¬ 
tion  metal  ion,  and  X  a  halide  ion).  These  materials 
often  crystallize  in  hexagonal  lattices  in  which  the 
most  prominent  structural  feature  is  a  parallel  array 
of  infinite,  linear  chains  of  octahedra  sharing  faces. 
The  chains  run  parallel  to  the  crystallographic  c-axis 
with  the  transition  metal  ions  at  the  centers  and  the 
halide  ions  at  the  corners  of  the  octahedra  (see 
Figure  l).  The  magnetic  properties  of  these  types  of 
salts  approach  those  of  a  one- dimensional  system  of 
interacting  spins .  The  hexagonal  linear  chain  struc¬ 
ture  is  observed  with  the  widest  variety  of  transition 
metals  and  halogens  when  M(l)  is  a  cesium  ion.  This 
paper  discusses  the  magnetic  and  spectroscopic  proper¬ 
ties  of  several  cesium  metal  triiodides  which  adopt 
this  structure .  Although  the  properties  of  these 
salts  are  inherently  interesting,  it  is  especially 
informative  to  compare  the  iodides  to  the  analogous 
chlorides  and  bromides . 

The  cesium  metal  triiodides,  CsMgl3,  CSVI3 , 
CsCrI3,  CsMnI3  and  CsNiI3  have  been  shown  by  X-ray 
studies  to  adopt  the  linear  chain  structure .1 >2 
Table  I  contains  a  summary  of  the  crystallographic 
data  for  these  salts.  Although  the  space  groups  are 
not  unambiguously  determined  it  is  very  likely  that 
all  of  the  materials  except  the  chromium  salt  are 
isostructural  with  CsNiCl3  (space  group  P63/mmc). 
Crystallographic  studies  of  CsCrCl33  and  CsCrBr34 
suggest  that  the  structures  of  the  chromium  salts 
differ  somewhat  from  that  of  CsNiCl3;  however,  the 
basic  linear  chain  feature  is  still  retained.  Un¬ 
doubtedly  there  are  minor  structural  variations  among 
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the  CsMX3  salts  which  result  from  the  differences  in 
the  size  of  the  halide  ion.  Certainly,  a.  very  impor¬ 
tant  structural  parameter  is  the  intrachain  metal- 
metal  separation.  This  separation  is  equal  to  half  of 
the  lattice  dimension  in  the  "c"  direction  and  is 
expected  to  be  largest  in  the  iodide  salts. 


Table  I.  Structural  Properties  of  CsMI3  Salts 

Crystal  System:  Hexagonal 

Extinctions :  hhfi,  2n 

Space  Group:  P63/mmc,  P63/mc,  or  F^2c 

Mol. /unit  cell:  Z  =  2 

Lattice  Constants : 


a  c 


CsVI3a 

8.21 

6.81 

CsCrI3a 

8.12 

6.85 

CsMnI3b 

8.18 

6.95 

CsNiI3a 

8.00 

6  .76 

CsMgI3a 

8.20 

7.01 

^Reference 

(!) 

“Reference 

(E) 

In  addition  to  the  fairly  subtle  structural 
variations,  significant  changes  in  the  nature  of  the 
metal- halogen  bond  would  be  expected  in  gping  from  a. 
chloride  to  a  bromide  and  finally  to  an  iodide  lattice. 
These  bonding  differences  are  dramatically  demonstrat¬ 
ed  by  electron  spin, resonance  measurements .  The  epr 
spectra  of  V2+,  Mn  ,  and  Ni  +  doped  into  the  iso- 
structural  magnesium  salts,  CsMgCl3,  CsMgBr3,  and 
CsMgI3 ,  have  been  studied.  ’ 6  The  g-  and  metal  hyper- 
fine  tensors  indicate  a  considerable  variation  in  the 
metal-halogen  bonding  in  the  three  lattices.  Table 
II  gives  a  summary  of  hyperfine  constants  and  g- values 
for  the  three  lattices. 


In  Extended  Interactions  between  Metal  Ions;  Interrante,  L.; 

ACS  Symposium  Series;  American  Chemical  Society:  Washington,  DC,  1974. 


184 


EXTENDED  INTERACTIONS  BETWEEN  METAL  IONS 


Table  II.  Hyperflne  Constants*  and  g- Values4 


V2+(77°K) 

®obs 

fcalc 

A 

CsMgCl3 

1.975 

1.957 

75. 

CsMgBr3 

1.994 

1.950 

70. 

CsMgl: 

2.036 

1.942 

65. 

Mn2+(77°K) 

Sobs 

A 

2.002 

80. 

2.004 

77. 

2.008 

75. 

Ni2+(77°K) 

Sobs 

Scale 

2.25 

2.38 

2.23 

2  .40 

2 .16 

2  .40 

*The  hyperflne  constants  represent  the  average. of  the 
parallel  and  perpendicular  components  and  are  in  units 
of  10" 4  cm-1.  (Data  taken  from  (6)) 

+The  gobs  values  represent  the  average  of  the  parallel 
and  perpendicular  components  of  observed  g- tensor. 

The  g_„ln  values  for  the  d3  and  d8  systems  are  calcu¬ 
lated  from  simple  crystal  field  theory.  (Data  taken 
from  (6)) 

One  notices  that  there  are  considerable  dis¬ 
crepancies  between  the  observed  g_ values  of  v  and 
Ni2+  and  those  calculated  from  the  following  simple 
crystal  field  expression. 

(g  =  2.0023  -  §X) 

Furthermore,  the  disagreement  becomes  more  pronounced 
in  going  from  chloride  to  bromide  to  iodide ,  Presum¬ 
ably  the  disagreement  between  the  observed  and  calcu¬ 
lated  values  arises  from  a  ligand  contribution  to  the 
g- value.  The  ligand  contribution  increases  as  the 
spin  orbit  constant  of  the  ligand  increases  and  also 
as  the  delocalization  of  the  unpaired  electrons  from 
the  metal  to  the  ligands  increases .  In  view  of 

the  observed  g- values,  it  appears  that  the  metal- 
halogen  bonding  becomes  more  covalent  proceeding  55 
through  the  series  from  chloride  to  iodide.  The.  Mn 
and  51V  hyperfine  constants  support  this  conclusion, 
since  the  constants  show  a  steady  decrease  in  going 
from  chloride  to  iodide.  A  decrease  in  the  metal 
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hyperfine  constant  suggests  an  increase  in  the  metal  to 
ligand  delocalization.  (Reference  (6)  gives  a  more 
thorough  discussion  of  the  epr  parameters.)  Although 
the  trend  in  the  nature  of  the  metal- halogen  bonding 
in  the  CsMX3  series  is  perhaps  intuitively  obvious, 
the  epr  studies  provide  a  very  satisfying  experimental 
verification . 

Plots  of  the  reciprocal  of  the  molar  susceptibil¬ 
ity  versus  the  absolute  temperature  for  CsNiI3,  CsMnI3, 
and  CsCrI3  are  shown  in  Figures  2,  3,  and  4,  respec¬ 
tively.  Both  CsNiI3  and  CsMnI3  obey  the  Curie-Weiss 
law  above  190°K,  but  show  significant  deviation  at 
77 °k.  The  low  temperature  deviations  and  the  large 
negative  Weiss  constants  indicate  that  these  salts  are 
antiferromagnetic.  The  chromium  salt,  CsCrI3,  obeys 
the  Curie-Weiss  law  throughout  the  77°  to  300°K  region. 
This  material,  however,  has  a  large  negative  Weiss 
constant  which  indicates  that  it  is  also  antiferromag¬ 
netic.  The  magnetic  properties  of  CsVI3  differ  from 
those  of  the  three  previously  mentioned  salts.  The 
vanadium  salt  has  a  small  paramagnetic  susceptibility 
(2.3  x  1CT3  esu/mole)  which  is  essentially  independent 
of  temperature .  This  observation  suggests  that  the 
antiferromagnetic  interactions  in  this  material  are 
significantly  stronger  than  those  of  the  other  salts. 
These  interactions  are  effective  even  at  room  tempera¬ 
ture.  Although  these  susceptibility  studies  do  not 
completely  characterize  the  magnetic  behavior  of  the 
iodides,  there  is  little  doubt  about  the  antiferromag¬ 
netic  nature  of  these  materials . 

The  magnetic  susceptibilities  of  a  number  of  the 
analogous  bromides  and  chlorides  have  also  been 
studied.  Data  has  been  reported  for  CsVC13,i:l 
CsCrCl3, 12  CsMnBr3, 13  CsNiBr3,14  and  CsNiCl3 . 14_ 16 
A  fundamental  question  to  be  considered  when  discus¬ 
sing  the  magnetic  properties  of  the  CsMX3  salts  is 
whether  the  magnetic  exchange  interactions  are  direct 
(through  space)  or  indirect  (through  ligand).  In 
principle  both  mechanisms  are  possible,  since  the 
metal-metal  separations  within  a  chain  are  fairly 
short  (~3A )  and  each  metal  ion  shares  three  halide, 
ligands  with  the  neighboring  metal  ions  in  the  chain. 
The  comparison  of  the  susceptibility  data  for  the 
CsMX3  salts  shown  in  Table  III  gives  some  qualitative 
insight  into  this  question. 
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Figure  1.  Perspective  drawing  of  the  unit  cell  contents  of  a 
CsMX,  salt.  Small  open  circles  are  metal  ions,  larger  open  circles 
are  halide  ions,  dotted  circles  are  Cs'  ions. 


-200°  -100°  0°  100°  200°  300° 


T(°K) 

Figure  2.  Reciprocal  molar  susceptibility  of 
CsNil 3  vs.  absolute  temperature.  Curie-Weiss 
constants  for  the  linear  region:  C  =  1.62;  8  = 
-250° 
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Figure  3.  Reciprocal  molar  susceptibility 
of  CsMnI ,  vs.  absolute  temperature. 
Curie-Weiss  constants  for  the  linear  re¬ 
gion:  C  =  4.97;  9  =  -165°. 


100 


0 


-100°  0°  100°  200°  300° 


Figure  4.  Reciprocal  molar  suscepti¬ 
bility  of  CsCrl,  vs.  absolute  temperature. 
Curie-Weiss  constants:  C  =  3.08;  $  = 
-163°. 


T(°K) 
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Table  III,  Magnetic  Properties  of  CsMX3  Salts 


CsVX3 


M-M 

Distance 

(A)  'X.(297°K) 

X(776K) 

Cl 

3.01 

1370a 

144 0a 

I 

3.40 

2220 

CsCrX3 

2360 

M-M 

Distance 

(A)  X(297°K) 

X(77°K) 

Cl 

3.11 

4500b 

5300° 

Br 

3.25 

— 

-- 

I 

3.42 

6700 

„  CsMnI3 

12800 

M-M 

Distance 

(A)  X(297°K) 

X(77°K) 

Br 

3.26 

11000c 

18500^ 

I 

3.47 

10750 

CsNiI3 

17200 

M-M  Distance 

(A)  X(297°K) 

X(77°K) 

Cl 

2.98 

3800° 

92  00^ 

Br 

3.12 

3650d 

8l50d 

I 

3.38 

2940 

4350 

Xvalues  are  in  units  of  10“6  esu/mole 
^Reference  (11 ) 

°Reference  (T?) 
cReference  (T3) 

^Reference  (T?) 


Direct  exchange  is  a  function  of  the  distance 
between  interacting  ions  and  would  be  expected  to 
diminish  as  the  metal-metal  separation  increases.  On 
the  other  hand,  indirect  exchange  depends  more  on  the 
covalency  of  the  metal- ligand-metal  linkage.  Since 
the  metal-metal  separations  in  the  CsMX3  series  are 
directly  dependent  on  the  size  of  the  halide  ion,  the 
strength  of  direct  effects  would  be  expected  to  follow 
the  order:  Cl>Br>I.  In  contrast,  the  indirect  effects 
would  be  expected  to  exhibit  the  opposite  order.  The 
data  for  the  cesium  nickel  trihalides  indicate  that 
the  strength  of  the  antiferromagnetic  interactions  is 
greatest  for  CsNiI3  and  smallest  for  CsNiCl3.  This 
observation  suggests  that  indirect  exchange  is  pre¬ 
dominant  in  these  salts.  This  conclusion  is  quite 
reasonable  in  light  of  simple  crystal  field  theory. 
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The  unpaired  electrons  of  a  d8  system  in  an  octahedral 
complex  occupy  the  e„  set  of  orbitals  which  are  direct¬ 
ed  toward  the  ligands.  For  a  d5  system  such  as  Mn2 
direct  as  well  as  indirect  interactions  might  be  ex¬ 
pected  since  the  unpaired  electrons  occupy  the  tsg  and 
eg  orbitals .  The  data  indicate  that  the  coupling  in 
CsMnBr3  is  perhaps  a  little  stronger  than  in  CsMnl3, 
but  the  susceptibilities  of  the  two  salts  are  very 
similar.  It  appears  that  there  are  considerably 
stronger  interactions  in  CsCrCl3  than  in  CsCrI3.  It 
is  possible  that  direct  exchange  is  dominant  in  a  d4 
system  since  the  majority  of  the  unpaired  electrons 
occupy  orbitals  (t2g)  which  are  directed  away  from  the 
ligands.  We  hesitate  to  speculate  on  the  CsVX3  salts 
since  the  susceptibilities  are  rather  small  and  es¬ 
sentially  independent  of  temperature.  These  small 
susceptibilities  may  result  from  a  temperature  inde¬ 
pendent  paramagnetism  which  has  nothing  to  do  with  the 
normal  paramagnetism  associated  with  the  unpaired 
electrons  of  the  Vz+  ion.  Clearly,  rather  strong  anti¬ 
ferromagnetic  interactions  are  present  in  these  vana¬ 
dium  salts . 

One  very  important  point  has  been  neglected  in 
the  qualitative  discussion  of  the  magnetic  properties 
of  the  CsMX3  salts.  It  has  been  firmly  established 
that  the  interaction  between  two  paramagnetic  ions  is 
critically  dependent  on  the  metal- ligand- metal  angle. 
While  the  structures  of  the  salts  that  have  been  dis¬ 
cussed  are  all  similar,  this  critical  angle  undoubted¬ 
ly  varies  to  some  extent  from  lattice  to  lattice.  Un¬ 
fortunately,  sufficient  precise  crystallographic  data 
are  not  presently  available  to  discuss  this  important 
point . 

The  electronic  spectra  of  CSVI3,  CsCrI3,  CsMnl3, 
and  CsNil3  are  shown  in  Figures  5  and  6.  In  general, 
the  spectra  show  the  ligand  field  transitions  that 
would  be  expected  from  octahedral  complexes  of  these 
transition  metal  ions.  The  spectrum  of  CsCrI3  shows 
an  intense  absorption  edge  at  approximately  10,000 
cm-1.  The  material  absorbs  strongly  throughout  the 
visible  region.  This  intense  absorption  may  be  due  to 
charge-transfer  transitions.  Charge- transfer  absorp¬ 
tion  would  be  expected  to  appear  at  lower  energies  in 
these  iodides  than  in  similar  chloride  or  bromide 
complexes.  The  shoulder  on  the  absorption  edge  of  the 
CsCrI3  spectrum  has  been  tentatively  assigned  to  the 
spin  allowed,  5E-*-5T2 ,  ligand  field  transition. 
Similarly,  the  CSNH3  spectrum  has  an  intense  absorp¬ 
tion  edge  which  appears  at  approximately  13000  cm"1 
and  presumably  results  from  charge-transfer  trans- 
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5000  15000  5000  15000 

(cm-1) 

Figure  5.  Absorption  spectra  of  mulls  of  CsVI3  and  CsCrI3  recorded  at  77°K 
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itions .  The  spectra  of  CsVI3  and  CsMnI3  do  not  seem 
to  be  particularly  unusual.  Table  IV  gives  the  band 
assignments  for  the  iodide  salts  based  on  an  octahe¬ 
dral  ligand  field. 


Table  IV.  Spectroscopic  Assignments 


CsVT3 

Assignment  Energy  (cm-1) 


4A2 


4T2 

4Ti (F) 

[2ei2Ti] 

[2Ta] 

4Ti(P) 


7700 
12000 
13000 (sh) 
15300 
18700 


As  s ignment 
sE  -*•  [5T2] 


CsCrI3 

Energy  (cm-1) 
9000  (shT* 


CsMnI3 

Assignment  Energy  (cm-1) 

6Ai  -»■  4TX  (G)  17800 

-^4t2(g)  20900 

—  4e,4ax (g)  22100 

—  4t2(d  )  25500 

—  4E (D  )  26400 

-*4T1(P)  28600 

sh  =  shoulder 
Brackets  designate  assignments  which  are  uncertain. 

Spectroscopic  studies  of  CsCrCl33,  CsCrBr34,  CsMnBr313, 
CsNiCl3  and  CsNiBr317,ls  have  been  reported.  A  com¬ 
parison  of  the  Dq  values  of  the  CsMX3  salts  is  pre¬ 
sented  in  Table  V. 


CsNiI3 

Assignment  Energy  (cm-1) 

'3A2  —  3t2  6500 

—  [iE]  8000 

— ►  3Ti (F)  10900 


Table  V.  Dq  Values  for  the  CsMX3  Salts 


CsVX3 

CsCrX3 

CsMnX3 

CsNiX 

Cl  1000 

1145a 

— 

695 

Br 

1150b 

68oc 

655 

I  770 

900 

605 

650 

“■Reference 

“Reference 

*) 

“Reference 

13 ) 

“Reference 

T7) 

The  trends  in  the  Dq  values  appear  to  follow  that 
which  would  be  predicted  by  the  spectrochemical 
series.  It  should  be  mentioned  that  the  Dq  value  for 
CsMnI3  was  derived  following  the  procedure  presented 
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in  reference  (13) . 

The  electrical  resistivities  of  single  crystals 
of  CSNH3  have  been  studied  as  a  function  of  tempera¬ 
ture.19  The  material  appears  to  he  a  semiconductor 
with  a  room  temperature  resistivity  of  107  to  10s  ohm 
cm  and  an  energy  of  activation  of  approximately  0.7 
ev. 

For  a  material  that  is  an  intrinsic  semiconductor 
the  band  gap  (the  energy  separating  the  ■valence  and 
conduction  bands)  should  be  equal  to  twice  the  energy 
of  activation  of  conduction.  The  intense  absorption 
edge  appears  in  the  spectrum  of  CsNil3  at  approximate¬ 
ly  1.5  ev  which  is  about  twice  the  observed  energy  of 
activation.  This  suggests  that  at  room  temperature 
the  material  is  an  intrinsic  semiconductor.  In  spite 
of  the  linear  chain  structure,  the  resistivity  of  the 
material  is  essentially  isotropic. 

In  conclusion,  we  hope  that  we  have  shown  that 
the  cesium  metal  triiodides  have  rather  interesting 
solid  state  properties  and  that  these  compounds  will 
be  useful  for  further  studies  into  the  nature  of  the 
linear  chain  M(l)M'(Il)X3  compounds. 
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Magnetic  and  Thermal  Properties  of  the  Linear  Chain 
Series  [(CH3)3NH]  MX3-2H20 

J.  N.  McELEARNEY,  G.  E.  SHANKLE,  D.  B.  LOSEE,  S.  MERCHANT,  and 
R.  L.  CARLIN 

University  of  Illinois,  Chicago,  Ill.  60680 
Introduction 


Several  previous  papers  in  this  symposium  have 
discussed  properties  of  members  of  the  linear  chain 
series  RMX3  (where  M=transition  metal,  X=halide  and  R= 
(CH3)4N,  Cs  or  Rb).  This  paper  will  be  concerned  with 
the  new  linear  chain  series  [ (CH3 ) 3NH]MXs *2H20,  where 
M=(Mn,  Co,  Ni,  Fe  or  Cu)  and  X=(Br  or  Cl).  Large 
single  crystals  suitable  for  optical  and  oriented  mag¬ 
netic  field  studies  may  be  easily  obtained  for  most 
members  of  the  series.  Single  crystal  near-zero-field 
magnetic  susceptibility  data  (measured  using  a  mutual 
inductance  technique)  and  heat  capacity  data  (measured 
using  standard  heat  pulse  techniques)  are  presented 
here  which  show  several  of  the  interesting  features  of 
this  series:  anisotropic  magnetic  behavior  greater  than 
normal  with  the  presence  of  low-dimensional  character¬ 
istics  as  well  as  spin-canting  in  the  ordered  state. 

Crystal  Structures 

To  a  large  extent  the  magnetic  behavior  of  these 
compounds  is  quite  clearly  related  to  their  structure. 
Not  all  the  members  of  the  series  are  isomorphic,  al¬ 
though  they  probably  are  all  isostructural,  as  inferred 
from  their  magnetic  properties.  Structures  have  been 
obtained  only  for  the  non-isomorphic  (M=Co,  Cu;  X=C1) 
compounds  (l_,g),  although  X-ray  studies  indicate  that 
the  (M=Co,  Mn;  X=C1)  compounds  both  crystalize  in  the 
space  group  Pnma  and  are  probably  isomorphic. 

The  most  important  structural  characteristics  of 
these  compounds  may  be  seen  by  considering  the  projec¬ 
tions  of  the  (M=Co ;  X=C1)  prototype  shown  in  Pigs.  1 
and  2.  The  structure  consists  of  chains  of  edge-shar¬ 
ing  trans-[CoCl  4(0H  j,)  2]  octahedra.  The  cobalt  atoms 
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Figure  1.  Projection  of  the  unit  cell  of  [(CH,)3NH]CoCl3  ■ 
2Ht0  onto  the  ac  plane.  Height  above  this  plane  of  several 
of  the  atoms  is  indicated.  (All  cobalt  atoms  are  at  the  same 
height.) 


O  | - o - 0 — 


Figure  2.  Projection  of  a  portion 
crystal  structure  of  [(CH,),NH]CoCl,  ■ 
2HnO  onto  the  be  plane.  Portion  used  was 
a  3.33-A  thick  layer  taken  parallel  to  the 
be  plane  and  centered  about  the  cobalt 
atoms.  Dashed  lines  give  unit  cell  bounda¬ 
ries. 
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are  3-637  A  apart  (Co-Cl  distances  are  2.456  and 
2.503  A)  and  the  internal  chlorine  bridging  angles  are 
93-14°  and  95-52°.  Anionic  chlorines  tie  together 
chains  which  lie  in  the  be  plane  via  hydrogen  bonding. 
It  is  important  to  note  the  relative  tilting  of  the 
[CoCl 4 (0H2 ) 2 ]  molecular  units  with  respect  to  each 
other  as  seen  in  the  projections.  It  is  this  tilting, 
taken  with  the  tendency  of  the  spins  to  align  in  some 
manner  consistent  with  the  O-Co-O  vectors,  which  leads 
to  the  unusual  magnetic  properties  of  this  series. 

Properties  of  [ ( CH 3 ) aNHjCuCl 3 -2H20 

The  most  unusual  property  of  this  compound  (in 
view  of  the  properties  of  the  other  compounds)  is  that 
it  behaves  as  a  normal  paramagnet  above  2°K,  showing 
only  slight  signs  of  magnetic  exchange  at  1°K  prior  to 
ordering  at  0.15°K  (3.)  and  that  thus  intrachain  magnet¬ 
ic  exchange  in  this  material  must  be  quite  small.  Thus 
its  measured  heat  capacity  (which  very  nearly  follows  a 
T2  law)  has  been  used  in  conjunction  with  a  correspond¬ 
ing  states  procedure  to  determine  lattice  contributions 
to  the  heat  capacities  of  the  other  members  of  the 
series . 

Properties  of  [  (CH  3)  3~NH]CoX  3 -2H20  (X=C1,  Br) 

Both  of  these  compounds  behave  very  similarly.  The 
(M=Co;  X=C1)  compound  magnetically  orders  at  4.l4°K, 
while  the  Br  analog  does  so  at  3-86°K.  The  data  and 
theoretical  fits  for  both  are  nearly  identical  so  only 
the  results  for  the  (X=C1)  compound  will  be  given  here. 
The  measured  heat  capacity  is  shown  in  Pig.  3  and  the 
extensive  amount  of  short-range  order  above  the  order¬ 
ing  temperature  is  clearly  evident.  More  than  90%  of 
the  expected  entropy  change  occurs  above  the  transi¬ 
tion.  This  short-range  order  is  indicative  of  the 
lowered  dimensionality  of  the  spin  system  and  is  con¬ 
sistent  with  the  sheet-like  nature  of  the  structure. 
Thus  since  Co(II)  usually  has  Ising-like  characteris¬ 
tics,  Onsager's  solution  to  the  anisotropic  two-dimen¬ 
sional  Ising  model  (4_)  has  been  used  to  fit  the  data. 
Both  the  magnetic  heat  capacity  derived  from  the  data 
and  the  fitted  curve  are  shown  in  Fig.  4.  The  values 
for  the  exchange  parameters  determined  from  the  fit  are 
J/k=7.7°K  and  J'/k=0.09°K.  (The  fit  of  the  Br  analog 
results  in  J/k=7.0°K  and  J ’ /k=0 . 09°K . )  Clearly  the 
spin  system  is  not  far  from  being  one-dimensional. 

Thus  the  measured  magnetic  susceptibilities, 
shown  in  Figs.  5  and  6,  should  be  nearly  one-dimension- 
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Figure  5. 
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Zero-field  magnetic  susceptibility  of  [(CHs)sNH]CoCl3  • 
2HzO  measured  parallel  to  the  b  axis 


Figure  6.  Zero-field  magnetic  susceptibilities  of  [f CHS/).,A/H]  CoCl3  • 
2H.jO  measured  along  a  and  c  axes.  Results  of  measurements  along 
the  a  axis  on  two  different  crystals  are  shown. 
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al  In  character.  The  nearly  discontinuous  behavior 
near  the  transition  temperature  should  be  noted.  It  Is 
evident  that  there  Is  an  extreme  amount  of  anisotropy, 
Xb  being  generally  very  much  smaller  than  Xa  and  Xc, 
and  that  there  are  Indications  of  a  ferromagnetic  mo¬ 
ment  parallel  to  the  a  axis  immediately  below  the 
transition.  Additionally,  at  the  lowest  temperatures 
Xa  and  X^  are  constant,  while  Xc  decreases  with  de¬ 
creasing  temperature,  as  might  be  expected  for  an  anti¬ 
ferromagnetic  material  for  which  c  is  the  easy  axis. 

These  facts  lead  to  a  spin  arrangement  model  in 
which  spins  lie  nearly  along  the  c  axis  with  some  cant¬ 
ing  towards  the  a  axis.  All  spins  are  perpendicular  to 
the  b  axis.  All  the  spins  in  each  be  sheet  of  Co  ions 
are  aligned  parallel  with  ferromagnetic  coupling  along 
and  between  chains  in  the  sheet.  Spins  in  any  neigh¬ 
boring  pair  of  be  sheets  are  aligned  so  as  to  give  a 
net  moment  along  the  a  axis  with  no  net  moment  along 
the  c  axis.  Thus  the  spin  arrangement  is  that  of  a 
canted  antiferromagnet  or  a  weak  ferromagnet.  The 
intrachain  exchange  value  determined  from  the  heat 
capacity  data  has  been  used  with  the  equations  derived 
(5)  for  a  one-dimensional  Ising  model  to  fit  the  Xb 
and  Xc  data.  To  take  account  of  the  a  axis  canting, 
the  results  derived  by  Moriya  (6_)  for  the  susceptibil¬ 
ity  of  a  canted  antiferromagnet  have  been  applied  to 
the  Xa  data.  The  results  of  the  fits  are  shown  in 
Fig.  7  and  are  seen  to  be  extremely  good. 

Properties  of  [  (CH  3)  3NH]MnX  3  *2H  2O  (X=C1,  Br) 

Both  of  these  compounds  behave  similarly,  with 
the  (X=C1)  compound  exhibiting  a  transition  at  0.98°K, 
while  the  (X=Br)  compound  orders  at  1.58°K.  Because 
of  the  similarity  of  the  data  for  these  compounds  only 
the  latter  will  be  discussed  here.  The  measured  heat 
capacity  is  shown  in  Fig.  8.  The  sharp  spike  corre¬ 
sponds  to  the  magnetic  ordering  while  the  broad  hump 
is  indicative  of  the  short-range  order  expected  for  a 
low-dimensional  system.  More  than  80%  of  the  magnetic 
entropy  change  expected  for  an  S=5/2  system  is  gained 
above  1.58°K.  Likewise,  the  single  crystal  suscepti¬ 
bilities  measured  for  this  compound,  shown  in  Fig.  9, 
show  the  effects  of  extensive  short-range  order.  The 
broad  maximum  in  Xc  significantly  above  the  ordering 
temperature  is  especially  indicative  of  the  behavior 
which  should  be  expected  for  a  linear  chain.  It  is 
also  important  to  note  the  amount  of  anisotropy  below 
10°K  and  that  Xc  and  Xa  behave  as  parallel  and  perpen¬ 
dicular  antiferromagnetic  susceptibilities,  respec- 
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Figure  7.  Results  of  the  fits  (solid  lines)  to  the  [(CH.i).{NH]CoCl.t  •  2H >0  principal  axis 

susceptibility  data 
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Figure  8.  Zero-field  heat  capacity  data  for  [(CHs)jNH]MnBrs  ■  2HtO 
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Figure  9.  Zero-field  magnetic  susceptibilities  of  [(CH3)JNH']MnBr3  ■  2H30  mea¬ 
sured  along  the  a,  b,  and  c  axes 
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tively . 

As  Mn(II)  has  an  S  ground  state,  it  might  be  ex¬ 
pected  that  the  Heisenberg  linear  chain  model  previous¬ 
ly  applied  to  other  Mn(II)  chains  (7_,8)  could  describe 
the  data.  However,  a  rather  significant  molecular 
field  correction  (9.)  to  that  model  is  required  when  it 
is  used  to  fit  the  data.  The  fit  of  Xa  achieved  with 
an  intrachain  interaction  of  J/k=-0.4l°K  and  a  molecu¬ 
lar  field  parameter  of  zJ ' /k=-0 . 74°K  is  shown  in  Pig. 

10.  (The  corresponding  Cl  analog  parameters  are  J/k= 
-0.36°K  and  zJ ' /k=-0 . 55°K. )  The  molecular  field  param¬ 
eter  must  be  interpreted  as  including  all  the  inter¬ 
actions  ignored  by  the  model  Hamiltonian,  such  as  in¬ 
terchain  interactions  and  non-isotropic  exchange  inter¬ 
actions.  It  is  obvious  from  the  structure  that  inter¬ 
chain  interactions  must  be  small,  so  the  results  indi¬ 
cate  that  the  spin  Hamiltonian  must  not  be  perfectly 
Isotropic  but  instead  must  include  a  large  Ising-like 
anisotropy.  Actually,  this  is  totally  consistent  with 
the  Ising-like  behavior  of  Xc  in  which  a  broad  maximum 
appears  more  than  100?  above  the  ordering  temperature. 
This  is  also  consistent  with  recent  results  (1_0)  which 
suggest  anisotropic  dipolar  interactions  must  be 
present  in  a  linear  chain  compound  which  possesses  iso¬ 
tropic  nearest-neighbor  exchange.  Such  interactions 
would  add  an  Ising-like  term  to  the  Hamiltonian.  Thus, 
as  might  be  expected,  the  Xc  data  can  be  well  described 
by  assuming  an  Ising  Hamiltonian  and  correcting  the 
calculated  susceptibility  with  a  molecular  field  term 
which  then  accounts  for  the  isotropic  Interactions 
Ignored  by  the  Ising  model. 

Even  considering  anisotropic  interactions,  special 
consideration  must  be  given  to  the  behavior  of  Xt.  The 
sharp  rise  with  decreasing  temperature  of  Xt  below  3°K 
is  reminiscent  of  the  behavior  of  xa  the  (M=Co;  X= 
Cl)  compound.  There  are  two  important  differences: 
these  data  do  not  rise  to  very  high  values,  and  Immedi¬ 
ately  below  the  transition  the  data  points  drop  with 
decreasing  temperature.  This  behavior  may  be  explained 
if  It  is  assumed  that  there  is  a  hidden  canting  of  the 
spins  along  the  b  axis  in  this  compound.  That  is,  the 
spins  in  a  given  chain  are  aligned  more  or  less  paral¬ 
lel  to  the  c  axis  and  are  canted  in  the  ±b  direction 
with  antiferromagnetic  coupling  between  them.  Since 
there  is  no  Indication  of  canting-like  behavior  In  Xa, 
the  spins  must  lie  in  the  be  plane.  It  Is  interesting 
to  note  that  this  situation  is  opposite  to  that  seen  In 
the  (M=Co)  compounds.  The  supposition  of  canting  Is 
supported  by  the  good  fit  to  the  X"b  data,  shown  in  Pig. 

11,  obtained  when  the  molecular  field  modified  linear 
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Figure  11.  Fitted  result  (solid  line)  for  the  b  axis  magnetic  susceptibility  of 
[f CH3)JNH]MnBr3  ■  2HeO 
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chain  model  used  for  the  Xa  fit  is  further  modified  to 
include  the  susceptibility  behavior  predicted  by  Moriya 
for  canted  magnets. 

Properties  of  [ (CHa ) aNH]NiBr3 • 2H20 

Preliminary  susceptibility  measurements  made  on 
this  material  indicate  paramagnetic  behavior  as  low  as 
1°K,  with  indications  of  antiferromagnetic  exchange. 

Conclusions 


Clearly  the  low-dimensional  nature  of  the  struc¬ 
tures  of  these  compounds  is  reflected  in  their  mag¬ 
netic  behavior.  The  extensive  short-range  order  ob¬ 
served  in  the  paramagnetic  state  is  well  described  by 
one-  or  two-dimensional  models.  One  interesting  dif¬ 
ference  between  the  (M=Co)  and  (M=Mn)  compounds  is  the 
relative  change  in  the  strength  of  the  intrachain  ex¬ 
change  when  Cl  is  replaced  by  Br  -  increasing  for  (M= 
Mn)  and  decreasing  for  (M=Co).  Unfortunately,  no  in¬ 
terpretation  is  possible  until  detailed  crystal  struc¬ 
tures  are  available.  Indeed,  the  similarities  and  dif¬ 
ferences  among  the  members  of  the  series,  along  with 
the  anisotropic  behavior  make  them  ideal  candidates  for 
further  experimental  studies. 

Literature  Cited 


1.  Losee,  D.  B.,  McElearney,  J.  N. ,  Shankle,  G.  E., 
Carlin,  R.  L.,  Cresswell,  P.  J.,  Robinson,  Ward  T., 
Phys.  Rev.  B  (1973),  8,  2185. 

2.  Losee,  D.  B.,  McElearney,  J.  N. ,  Siegel,  A.  E., 
Carlin,  R.  L.,  Khan,  A.,  Roux,  J.  P.,  James,  W.  J., 
Phys.  Rev.  B  (1972),  6,  4342. 

3.  Stirrat,  C.  R.,  Dudzinski,  S.,  Owens,  A.  H.,  Cowen, 
J.  A.,  Phys.  Rev.  B  (1974),  9,  2183- 

4.  Onsager,  L.,  Phys.  Rev.  (1944"),  65,  117- 

5.  Fisher,  M.  E.,  J.  Math.  Phys.  (19^3),  i>  124. 

6.  Moriya,  T.,  Phys.  Rev.  (i960),  120,  §1* 

7.  Smith,  T.,  Friedberg,  S.  A.,  Phys.  Rev.  (1968), 

176,  660. 

8.  Dingle,  R.,  Lines,  M.  E.,  Holt,  S.  L.,  Phys.  Rev. 
(1969),  187,  643. 

9<  McElearney,  J.  N.,  Losee,  D.  B.,  Merchant,  S., 
Carlin,  R.  L.  ,  Phys.  Rev.  B  (1973),  ]_>  3314. 

10.  Walker,  L.  R.,  Dietz,  R.  E.,  Andres,  K.,  Darack,  S. 
Solid  State  Commun.  (1972),  11,  593* 


In  Extended  Interactions  between  Metal  Ions;  Interrante,  L.; 

ACS  Symposium  Series;  American  Chemical  Society:  Washington,  DC,  1974. 


15 


The  Ferromagnetic  Ordering  of  Ferrous  Chloride 
Polymers  of  Diimine  Ligands 

W.  M.  REIFF',  B.  DOCKUM,  and  C.  TORARDI 
Northeastern  University,  Boston,  Mass.  02115 
S.  FONER,  R.  B.  FRANKEL,  and  M.  A.  WEBER 

Francis  Bitter  National  Magnet  Laboratory,  Massachusetts  Institute  of  Technology, 
Cambridge,  Mass.  02139 

ABSTRACT 

Magnetization  and  Mdssbauer  studies  show  that  Fe(bipyridine)Cl2 
and  Fe(phenanthroline)Cl2  order  ferromagnetically  at  Tc  ~  5  K.  Methyl 
substituted  bipyridine  derivatives  appear  to  be  slowly  relaxing  paramag- 
nets  in  the  range  of  12  to  2  K.  These  results  are  correlated  with  near- 
and  far-infrared  and  x-ray  spectroscopic  data  which  suggest  six-coor¬ 
dinate  chloro -bridged  polymeric  structures  for  the  unsubstituted  di¬ 
imine  systems,  and  five -coordinate  dimeric  structures  for  the  methyl 
substituted  compounds. 


Introduction 


In  recent  years  there  have  been  extensive  studies  of  magnetic 
behavior  of  simple  dimeric  or  small  multimetal  cluster  compounds 
containing  a  variety  of  organic  ligands.  The  driving  force  for  such 
studies  is  the  hope  of  gaining  a  better  understanding  of  exchange  inter¬ 
actions  in  magnetically  condensed  inorganic  salts  such  as  anhydrous  and 
hydrated  metal  halides  which  exhibit  extended  cooperative  magnetic 
behavior.  For  instance,  anhydrous  ferrous  chloride  has  the  cadmium 
chloride  structure  with  intra-  and  inter-chain  chloro -bridging.  The 
intra-chain  interaction  for  this  compound  is  ferromagnetic  (J>  O)  where 
as  the  inter-chain  interaction  is  weaker  and  antiferromagnetic.  As  a 
consequence,  anhydrous  ferrous  chloride  exhibits^*  2)  a  "meta -mag¬ 
netic"  phase  transition  from  an  antiferromagnetic  to  paramagnetic  state 
in  an  external  field  of  about  1 1  kG. 

Extended  (lattice)  ferromagnetic  interaction  in  transition  metal- 
organic  ligand  systems  is  much  less  common  than  for  simple  inorganic 

*  Please  address  correspondence  to  this  author. 
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salts.  In  this  article  we  present  a  Mdssbauer  and  magnetic  susceptibility 
study  of  such  behavior  in  polymeric  octahedral  complexes  of  the  type 
Fe(di-imine)Cl2  where  the  di-imine  is  either  2, 2 '-bipyridine,  hereafter 
bipyridine  or  1, 10-phenanthroline  and  substituted  derivatives.  We  also 
present  x-ray  and  spectroscopic  data  bearing  on  the  molecular  structure 
of  these  compounds.  It  Is  of  interest  to  see  if  there  are  any  significant 
magnetic  dilution  effects  on  placing  organic  ligands  "in"  ferrous 
chloride  and  at  the  same  time  maintaining  a  polymeric  structure.  The 
weakening  of  inter-chain  interaction  by  the  ligand  dilution  allows  the 
possibility  of  lower  dimensionality  magnetic  interaction  and  weak  meta- 
magnetic  behavior.  In  this  connection  we  make  comparisons  of  the  mag¬ 
netic  behavior  of  Fe(bipyridine)Cl2  and  Fe(phenanthroline)Cl2  to  our 
preliminary  results  for  Fefcyridine^C^.  The  latter  system  is  also  a 
chloro -bridged  polymer^)  but  contains  the  trans-FeN2Cl4  chromophore 
rather  than  the  analogous  cis  chromophore  as  in  Fe(bipyridine)Cl2.  The 
effects  of  preparative  technique  are  also  considered  in  the  discussion 
of  Fe(5,  S'-di-CHg-bipyridineJC^  prepared  by  high  vacuum  thermolysis. 

Chemical  Preparation 

Analytical  data  for  the  compounds  studied  are  given  in  Table  I. 

All  of  the  complexes  were  studied  as  powders  as  the  preparations  do 
not  yield  appropriate  single  crystals.  The  synthetic  methods  used  con¬ 
sisted  of  rapid  precipitation  from  aqueous -hydrochloric  acid  solution 
or  vacuum  thermolysis  of  [Fe(di-imine)3JCl2  yielding  fine  dust-like 
powders.  Attempts  at  conductivity  or  molecular  weight  measurements 
by  the  usual  solution  methods  results  in  disproportionation  to  the 
thermodynamically  more  stable  Fe (di-imine >3^  . 

Table  I:  Analytical  Data 


Compound _ Calculated _ Observed _ 

C  H  N  Fe  C  H  N  Fe 


Fe(phenanthroline  )C12 

46.95  2.63  9.12  18.20 

46.77  2.66 

9.34  18.60 

Zn  (phenanthroline)Cl2 

45.50  2.55  8.85 

45.55  2.41 

8. 79 

Fe(bipyridine  JC^ 

42.42  2.86  9.91 

42.26  2.86 

10.10 

Fe(4,4'-di-CH3- 

46.31  3.90  9.01 

46.36  3.86 

8.69 

bipyridine)Cl2 

Fe(5, 5'-di-CH3- 

46.31  3.90  9.01 

45.81  3.87 

8.35 

bipyridine)Cl2 
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Susceptibility  and  Magnetization  Studies 

A  preliminary  study  of  the  magnetic  susceptibility^)  showed  that 
a  solution  preparation  of  Fe(phenanthroline)Cl2  orders  ferromagnetically 
with  Tc  =  8  ±  2  K.  Fits  with  a  Curie-Weiss  law  correspond  to  a  para¬ 
magnetic  Curie  temperature  0=  12  ±  4  K  and  the  Curie-Weiss  constant 
C  =  3. 81  emu/mole.  In  this  section  we  present  magnetic  data  for 
Fe (bipyridine  )Cl2  also  prepared  in  solution  and  the  substituted  derivative 
Fe(5,  S'-dl-CHg -bipyridine )Cl2  obtained  by  vacuum  thermolysis. 

Fe  (bipyridine  )Cl2  clearly  is  similar  to  Fe(phenanthroline)Cl2  but  has  a 
stronger  ferromagnetic  interaction.  Evidence  for  a  ferromagnetic  inter¬ 
action  is  seen  (Fig.  1)  in  the  vs  T  plot  for  which  the  intercept  is 
large  (^  20  K)  and  positive.  The  plot  of  Xg*  vs  T  is  linear  from  ~60  K  to 
200  K  and  a  fit  with  the  Curie-Weiss  law  yields  9  =  +25  K  and 
C  =  5. 26  emu/mole.  The  temperature  dependence  of  the  dc  magnetiza¬ 
tion  a  at  low  field  (Fig.  2)  shows  the  expected  rapid  rise  in  the  vicinity 
of  Tc  which  is  estimated  to  be  ^  8  K.  A  more  precise  estimation  of  Tc 
will  be  discussed  in  connection  with  the  Mdssbauer  data.  Between  0  and 
=“10kG  at  4.2  K  there  is  a  rapid  rise  in  the  magnetic  moment  per  gram, 

O’.  However,  above  ~  10  kG  there  is  a  gradual  increase  in  cr  and  the 
compound  is  clearly  not  saturated  for  applied  field  B0  as  large  as  200 kG, 
Fig.  3.  It  is  interesting  to  point  out  that  the  sharp  rise  in  cr  vs  T  seen  in 
Fig.  2  is  quite  similar  to  that  found^)  for  the  linear  chain  polymer 
Co(pyridine)2Cl2.  In  the  latter  compound  the  sharp  rise  in  a  is  attributed 
to  strong  one -dimensional  ferromagnetic  intra-chain  interaction  (corre¬ 
lation)  above  the  Neel  temperature  at  which  the  complex  undergoes 
three-dimensional  antiferromagnetic  ordering.  A  similar  positive  intra¬ 
chain  correlation  may  well  be  occurring  in  Fe(bipyridine)Cl2  and 
Mdssbauer  data  bearing  on  this  possibility  will  be  discussed  subsequent¬ 
ly. 

The  field  and  temperature  dependence  of  the  magnetic  properties 
for  Fe(5, 5' -di-CH3 -bipyridine)  CI2  are  somewhat  different  from  those 
of  Fe(bipyridine)Cl2.  A  plot  of  Xg*  vs  T  (Fig.  4)  appears  to  have  a  near 
zero  or  small  negative  temperature  intercept.  A  fit  of  the  data  yields 
9  OKor  slightly  negative  with  C  =  4.  3  emu/mole.  Thus  this  material 
appears  to  exhibit  very  weak,  possibly  antiferromagnetic  interactions. 

A  weak  exchange  interaction  is  also  indicated  by  the  gradual  rise  in 
cr  vs  B0  for  this  compound.  The  difference  in  magnetic  behavior  for  the 
two  bipyridine  systems  is  related  to  a  difference  in  molecular  structure. 

Magnetic  Moments.  Effective  magnetic  moments  in  Bohr  mag¬ 
netons  (Mg)  are  calculated  using  the  relation 

Meff  =  -Am(T-0)  =  2. 828  JC 
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Figure  1.  y,/1  vs.  T  for  Fe(bipyridine)Cl>,  applied  field  B„  = 

1.14  kG  for  T  <80  K,  B„  =  16.8  kG  for  T  >  80  K 


Figure  2.  Magnetic  moment  per  gram,  a,  vs.  T  at  1.14  kG  for 
F  e(  bipyridine  )C  l. 
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Figure  3.  a  vs.  applied  field,  B0;  at  4.2  K  for  Fefbipyri- 
dine)Cli 


Figure  4.  x« 


T  for  Fe(5,5'-di-CH s-bipyridine)CU,  B„  = 
16.8  kG 
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where  k  is  the  Boltzmann  constant,  N0  Avogadro's  number  and  X  m  is  the 
corrected  molar  susceptibility.  The  values  of  Heff  obtained  for  t-he 
preceding  values  of  C  are:  Fe(phenanthroline)Cl2  (5.  5 Mg), 
Fe(bipyridine)Cl2  (6.4  /ig)  and  Fe(5,  5'-di-CHg-bipyridine)Cl2  (5. 8  fig). 
Since  the  spin-only  value  of  the  magnetic  moment  for  high- spin  ferrous 
is  4.9  /ig,  the  foregoing  values  of  neff  represent  in  part  unusually  large 
orbital  contributions  to  the  moment, in  particular  for  the  last  two  com¬ 
pounds.  There  is  no  evidence  of  any  high -spin  ferric  or  other  impurity 
that  could  account  for  the  magnetic  moment  values  we  observe.  For 
instance,  an  high -spin  iron  III  impurity  of  ~30%  would  be  required  to 
increase  the  room  temperature  moment  from  5. 1  to  5. 4  /ig.  Such  an 
impurity  content  would  be  readily  observed  in  both  the  analytical  data 
and  Mtissbauer  spectra  (Fig.  5).  No  evidence  for  iron  in  is  detected. 
The  Mdssbauer  spectrum  corresponds  to  a  pure  material  containing  a 
single  iron  II  environment.  Furthermore,  for  iron  III  complexes  of  di- 
imine  ligands,  there  is  generally  instability  and  a  strong  tendency  for 
reduction  of  ferric  to  diamagnetic  ferrous  even  on  exposure  to  ordinary 
light.  It  is  interesting  to  note  that  in  a  study  of  Fe (bipyridine )Cl2  and 
Fe(phenanthroline)Cl2  at  300  K,  Dwyer  et  al(6)  also  observed  large 
moments,  5. 79  fig  and  5. 72  fig  respectively.  Thus  we  believe  that  the 
observed  large  effective  moments  are  "real”  and  probably  reflect; in 
part,  an  orbital  contribution. 

Difficulty  in  saturating  the  compounds  at  low  temperatures  (Fig.  3) 
suggests  a  large  magnetic  anisotropy  consistent  with  large,  anisotropic 
orbital  contributions  to  the  moment.  For  instance,  the  moment  fi  cal¬ 
culated  using  the  relation: 

Vb 


where  M  is  the  molecular  weight  and  cr  the  magnetization  in  emu/gram 
are  given  in  Table  II.  It  is  evident  that  with  increasing  B0  the  moments 
of  all  three  systems  are  increasing.  However,  the  high  field  behavior 
shown  in  Fig.  3  and  a  similar  data  for  Fe(phenanthroline)Cl2  indicate 
that  these  systems  are  not  saturated  even  at  200 kG.  The  spin-only 
value  of  fi  is  given  by 

HS  =  gMgS. 

When  g  =  2  and  S  =  2  for  high-spin  ferrous,  fi  =  4/ig,  the  expected 
saturation  moment.  There  is,  thus,  substantial  enhancement  of  the 
moment  for  Fe(bipyridine)Cl2  and  this  is  reflected  in  its  high  /Xeff  and 
H .  The  somewhat  larger  value  for  the  moment  (Table  II)  of 
Fe(bipyridine)Cl2  than  for  Fe  (phenanthroline)Cl2  is  consistent  with  the 
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Table  II:  Magnetic  Moments 


Compound 

T(K) 

BQ(kG) 

Fe  (bipyridine  )C12 

4.2 

16.8 

4.7 

Fe(phenanthroline)Cl2 

3.0 

48.4 

3.1 

4.2 

215 

3.9 

Fe(5, 5'  -di-CH3  -bipyridine  )C12 

4.2 

14.7 

1.9 

4.2 

16.8 

2.1 

3.0 

48.4 

3.4 

larger  ferromagnetic  interaction  of  the  former;  a  ratio  of  0's  for  these 
complexes  is  ~ 2:1. 

To  conclude  this  section  it  is  important  to  mention  that  the  second 
order  Zeeman  effect  and  spin -orbit  coupling  can  also  contribute  to  the 
enhancement  of  magnetic  moments  to  values  greater  than  the  spin -only. 
However,  this  problem  has  been  studied^)  in  some  detail  for  simple 
tetrahedral  iron  complexes  such  as  FoCl^  whose  effective 

moments  5. 4  to  5. 6  fig)  ar®  high.  It  is  found  that  the  combination  of 
the  foregoing  effects  increases  the  moment  to  only  ~5. 2  Mg-  For  the 
rather  distorted  systems  of  this  investigation  these  effects  are  expected 
to  be  less  important.  Thus  the  effective  moments  for  the  present  com¬ 
pounds  are  unusually  high  and  we  have  no  simple  explanation  for  their 
origin.  It  is  difficult  to  envision  a  large  direct  orbital  contribution.  A 
small  amount  of  configuration  interaction  of  the  ground  3d  with  a  nearby 
4s^3d^  having  a  much  higher  spin -only  moment  could  greatly  enhance  the 
moments  but  this  would  be  difficult  to  demonstrate. 

Mb'ssbauer  Studies 

The  Mdssbauer  spectra  of  Fe(bipyxidine)Cl2  and 
Fe (phenanthro line )C12  made  in  solution  are  very  similar.  The  onset  of 
magnetic  order  is  easily  seen  in  the  Mdssbauer  spectra,  as  illustrated 
in  Fig.  6  for  Fe(phenanthroline)Cl2.  The  Curie  points  of 
Fe(bipyridine)Cl2  and  Fe(phenanthroline)Cl2  are  Tc  =  3. 8  K  and 
Tc  =  5. 0  K  respectively.  Magnetization  data  previously  reported  for  the 
Fe(phenanthroline)Cl2  suggested  a  transition  temperature  of  about  ~8  K. 
The  higher  apparent  Tc  observed  by  the  magnetization  measurements 
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VELOCITY  (mm /sec)  RELATIVE  TO  IRON 


Figure  5. 

Mossbauer  spectrum 
of  Fe(5,5'-di-CHt- 
bipyridine)Clt  at  78  K,  B„  —  0 


(0) 


Figure  6.  Mossbauer  spectra  of 
Fe(phenanthroline)Cli  at  (a)  9.0 
K,  (b)  5.3  K,  (c)  5.0  K,  and  (d) 
3.9  K 
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may  be  ascribed  to  the  difficulty  in  defining  the  magnetic  transition  for 
the  irregularly  shaped  powder  sample.  The  large  susceptibility  above  Tc 
is  illustrated  in  Fig.  7  where  spectra  of  Fe(bipyridine)Cl2  (Tc  =  3. 8  K) 
at  4. 2  K  are  shown  at  zero  magnetic  field  and  in  longitudinal  magnetic 
fields  of  4  and  35  kG.  It  is  seen  that  the  small  external  field  of  4  kG 
induces  a  hyperfine  field  without  polarizing  the  moment  along  the  ex¬ 
ternal  field  direction.  This  is  indicated  by  the  presence  of  Am  =  0  lines 
in  the  spectrum  and  by  the  fact  that  the  angle  8  between  the  principal 
component  of  the  electric  field  gradient  and  the  magnetic  hyperfine  field 
as  deduced  from  the  spectrum  is  unique, and  close  to  that  observed  in 
the  ordered  state  below  Tc  in  zero  external  field.  At  BQ  =  35  kG,  the 
appearance  of  the  spectrum  is  considerably  altered  due  to  the  polariza¬ 
tion  of  the  ferromagnetic  moment  by  the  external  magnetic  field,  with  a 
consequent  randomization  of  8 

Below  their  respective  Curie  temperatures  Fe(bipyridine)Cl2  and 
Fe(phenanthroline)Cl2  have  essentially  similar  spectra.  For  the  former 
at  1. 5  K,  Hjj  =  -60 kG,  AE  =  +1. 70mm/sec  and  $  «  60 0  while  for  the  lat¬ 
ter  Bjj  =  -  75  kG,  AE  =  +2. 03  mm/sec  and  8  60°. 

As  discussed  previously  the  temperature  and  field  dependence  of 
magnetization  of  Fe(5,  5 ' -di -C H3 -bipyridine )C12  (prepared  by  thermoly¬ 
sis)  suggests  weak,possibly  negative.magnetic  exchange  interactions. 

The  temperature  dependence  $n  zero  field)  of  the  Mtfssbauer  spectra  for 
this  material  also  suggests  weak  magnetic  interactions.  Instead  of  a 
sharp  "ferromagnetic"  transition  over  a  small  0. 5  K)  interval  as  in 
Fig.  6,  Fe(5, 5'-di-CH3-bipyridine)Cl2  exhibits  gradual  changes  of  the 
magnetic  hyperfine  splitting  over  a  much  larger  temperature  range.  The 
transitions  of  the  quadrupole  doublet  start  broadening  at  ~12  K  and  a 
fully  resolved  Zeeman  spectrum  is  not  observed  until  ~2  K  indicating 
slow  paramagnetic  relaxation  rather  than  a  cooperative  ordering  process 
It  will  be  shown  that  this  compound  contains  high-spin  iron  II  in  a  highly 
distorted  5-coordination  environment.  For  such  a  low  symmetry,  longer 
spin-lattice  relaxation  times  and  slow  paramagnetic  relaxation  are  not 
unexpected.  The  observation  of  this  phenomenon  is  far  less  common  for 
high-spin  ferrous  than  for  ferric  complexes. 

Molecular  Structure  Studies 


Far  Infrared  Spectra  and  X-ray  Data.  The  difference  in  the  mag¬ 
netic  behavior  of  Fe(bipyridine)Cl2  and  Fe(5, 5'-di-CH3-bipyridine)Cl2 
is  probably  due  to  the  preparative  method  and  a  difference  of  basic 
molecular  structure  resulting  therefrom,  rather  than  from  just  simply 
a  substituent  effect.  Figure  8  shows  the  far-infrared  spectra  of 
Fe(phenanthroline)Cl2  (prepared  in  solution)  and  Zn(phenanthroline)Cl2. 
The  latter  zinc  complex  is  known  by  a  single  crystal  x-ray  study^  to  be 
a  pseudo -tetrahedral  monomer.  We  have  compared  the  x-ray  powder 


In  Extended  Interactions  between  Metal  Ions;  Interrante,  L.; 

ACS  Symposium  Series;  American  Chemical  Society:  Washington,  DC,  1974. 


INTENSITY 


214 


EXTENDED  INTERACTIONS  BETWEEN  METAL  IONS 


li  _ I _ i _ l_J_i _ I _ i _ L 

-4  -2  0  2  4 

VELOCITY  (mm/sec) 


Figure  7.  Mossbauer  spectra  of  Fe- 
(bipyridine)Cl2  at  4.2  K  in  applied 
longitudinal  fields  of  (a)  B„  =  0,  (b) 
B„  _  4  kG,  (c)  B„  —  35  kG 
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Figure  8.  Far-infrared  spectra  of  Fe  and  Zn  (phenanthroline^li-min- 
eral  oil  mull  on  polyethylene  at  300  K 
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patterns  of  Fe(phenanthroline)Cl2  and  the  zinc  analogue  and  they  are  not 
similar,  indicating  these  systems  are  not  isomorphous.  This  is 
reflected  in  the  far-infrared  spectrum  of  Zn(phenanthroline)Cl2.  The 
two  strong  terminal  Zn-Cl  stretching  vibrations  expected  for  a  monomer 
having  approximate  C2y  symmetry  are  seen  as  a  broad  band  centered 
~325  cm'l.  In  the  iron  analogue  these  vibrations  are  shifted  to  con¬ 
siderably  lower  energy  (~255cm"l);  this  is  also  true  for  the  zinc 
and  iron  bipyridine  complexes.  These  results  are  consistent  with  chloro- 
bridging(9>  10)  as  shown  in  Fig.  9.  A  similar  polymer  structure  has 
been  proposed  as  part  of  a  recent  study(H)  of  Sn(bipyridine)Cl2,  i.e. , 
an  infinite  linear  polymer  chain  with  chloro -bridging. 

The  far  infrared  spectrum  of  Fe(5, 5'-di-CH3-bipyridine)Cl2  is 
shown  in  Fig.  10.  Strong  bands  at  322  and  240  cm-l  indicate  the  pres¬ 
ence  of  both  terminal  and  bridging  chloro  groups  and  hence  a  structure 
involving  five -coordinate  iron  II.  Fe(4, 4'-di-CH3-bipyridine)Cl2  ex¬ 
hibits  a  similar  spectrum  and  the  di-CH3  substituted  systems  probably 
have  a  dimeric  structure  as  shown  in  the  structure  of  Fig.  11.  That  is, 
a  combination  of  steric  effects  from  the  methyl  substituents  and  high 
vacuum  thermolysis  preparation  results  in  dimeric  rather  than  the 
extended  polymeric  structure  proposed  for  the  solution  preparation  of 
Fe(bipyridine)Cl2.  A  dimeric  structure  similar  to  that  presented  in 
Fig.  11  has  been  found  in  a  single  crystal  x-ray  study (l2)  of 
[Ni(2, 9-di-CHg-phenanthroline)Cl2]o.  Recent^3)  magnetic  studies  of 
other  similar  chloro -bridged  nickel  II  dimers  suggest  weak  (intra- 
dimer)  antiferromagnetic  exchange  and  is  consistent  with  our  results 
for  the  methyl  substituted  derivative. 

Near  Infrared  Spectra.  The  near-infrared  spectrum  of 
Fe(phenanthroline)Cl2  given  in  Fig.  12  is  typical^,  15)  cf  a  pseudo- 
octahedral  Fe^C^  chromophore  and  strongly  supports  the  proposed 
structure.  Fe^yridine^C^  is  an  octahedral  polymer^3)  containing 
the  same  chromophore  but  with  trans -nitrogens.  As  expected,  it  ex¬ 
hibits  a  near- infrared  spectrum  quite  similar  to  that  of 
Fe(phenanthroline)Cl2  and  Fe(bipyridine)Cl2.  The  sign  of  the  quadrupole 
interaction  for  these  systems  is  positive  and  consistent  with  a  d^y 
ground  orbital.  We  thus  tentatively  assign  the  transitions  observed  at 
6000  and  10,300  cm'1  as  5B2(dxy)  -  ^(d^,  2)  and  5B2<dxy>  "*  5Al<dz2) 
respectively.  x  ^ 

For  a  five -coordinate  Fe^C^  chromophore  as  suggested  for  the 
methyl  substituted  complexes,  one  expects  the  d-d  transition  at  some¬ 
what  lower  energies.  We  observe  a  ligand-field  band  for 
Fe(4, 4'-di-CH3-bipyridine)Cl2  at  9100  and  5000  cm'l. 

Mdssbauer  Isomer  Shifts.  In  Table  III  we  present  some  isomer 
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Figure  9.  Proposed  polymer  structure  of  Fe(phenanthroline)Cli 
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Figure  10.  Far-infrared  spectrum  of  Fe(5,5'-di-CH  3—bipyridine)Clt— mineral  oil 
mull  on  polyethylene  at  300  K 
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Figure  11.  Proposed  dimer  structure  for  Fe(5,5'-di- 
CHs-(  bipyridine  )C  l2 


Figure  12.  Near-infrared  spectrum  of  Fe(phenanthroline)Clt,  fluorocar¬ 
bon  grease  mull  at  300  K 
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shift  (6)  and  quadrupole  splitting  (AE)  data  for  compounds  (1,2, 3, 4) 
investigated  in  this  work  and  compare  these  data  to  those  for  other 
compounds  (5  through  8)  of  known  structure. 


Table  HI:  Mdssbauer  Data 


Compound 

Structure  -  Chromopho  re 

T(K) 

6+ 

AE 

Refe: 

ence 

1.  Fe(phenanthroline)Cl2 

300 

1.04 

1.45 

* 

polymeric  -octahedral  -cis  -  FeN2  CI4 

78 

1.16 

2.17 

* 

2.  Fe(phenanthroline)Br2 

polymeric  -octahedral  -cis  -  FeN2  CI4 

78 

1.13 

1.98 

* 

3.  Fe(4,4'-di-CH3-bipyridine)Cl2 

300 

0.92 

3.55 

* 

dimer-five-coordinate  Fe^Clg 

78 

1.04 

3.73 

* 

4.  Fe(5, 5 ’ -di - CH3 -bipyridine JClo 

300 

0.93 

3. 51 

* 

dimer-five-coordinate  Fe^Clg 

78 

1.06 

3.72 

* 

5.  Fe  (pyridine  >2  CI2 

300 

1.07 

0. 56 

15 

polymeric  -octahedral  -trans  -  Fe^Cl^ 

78 

1.20 

1.28 

6.  Fe  (pyridine  )4Cl2 

300 

1.05 

3.15 

15 

monomeric  -octahedral -trans  -  Fe  CI2N4 

78 

1.14 

3.35 

7.  Fe  (quinoline  >2  CI2 

300 

0.86 

2.76 

16 

monomeric  -tetrahedral  -  FeN2Cl2 

78 

0.98 

3.07 

8.  Fe(2,9-di-CH3-phenanthroline)Cl2 

300 

0.80 

2.66 

* 

monomeric  -tetrahedral-FeN2Cl2 

78 

0.91 

2.  77 

* 

*  This  work 

^  mm/sec,  relative  to  iron  foil,  source  at  300  K. 


It  is  seen  that  for  the  six-coordinate  FeCly-imine  nitrogen  systems  a 
more  positive  isomer  shift  is  observed.  0- ^  With  decreasing  coordination 
number  the  isomer  shift  generally  decreases^)  as  evidenced  by  table 
entries  7  and  8  for  known  tetrahedral  complexes.  (19)  The  intermediate 
isomer  shift(20)  and  large  quadrupole  interaction  of  compounds  3  and  4 
are  reasonable  for  the  proposed  five-coordinate  structure. 

Magnetic  Behavior  and  Structure 

In  view  of  the  proposed  structure  (Fig.  9)  and  considerable  support¬ 
ing  data,  the  observation  of  ferromagnetism  for  Fe  Cbipyridine)Cl2  and 
Fe(phenanthroline)Cl2  Is  not  unreasonable.  Various  models(2l>22)  pre¬ 
dict  ferromagnetic  interaction  for  such  a  structure  when  (a)  the  metal 
and  bridging  atoms  lie  in  the  same  plane;  (b)  bridge  angles  are 
~90°;  (c)  the  exchange  involves  bridge  atom  p-  and  metal  d-orbitals; 
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and  (d)  the  exchange  is  between  metal  atoms  in  oxidation  states  corre¬ 
sponding  to  a  more  than  half -filled  t2g  manifold.  A  study  of  the  ferromag¬ 
netic  behavior  for  other  bridging  anions  (F~,  Br",  I")  may  enable  assess¬ 
ment  of  the  contribution  of  direct  metal-metal  exchange  as  opposed  to 
"super-exchange"  via  the  bridging  ligands  since  the  metal-metal  distance 
can  be  varied  considerably.  This  work  is  now  in  progress.  Also  inter¬ 
esting  is  the  absence  of  meta  -magnetic  behavior  for  the  systems  of  this 
investigation  in  studies  to  as  low  as  1. 4  K  and  for  fields  up  to  200  kG.  We 
have  observed  metamagnetic  behavior  in  Fe(pyridine)2Cl2  and 
Fe (pyridine >2 (NCS >2 .  This  work  will  be  discussed  in  a  forthcoming  pub¬ 
lication.  (23) 
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The  Unusual  Magnetic  Properties  of  an  Imidazolate 
Bridged  Polymer  of  an  Iron(III)  Hemin 
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For  the  last  several  years  we  have  been  interested  in  elec¬ 
tron  transfer  processes  involving  metallopo rphy r ins  because  of 
the  important  biological  role  of  the  cytochromes  (JL,2).  This 
has  led  us  to  consider  the  stability  of  ligand  bridging  between 
metal loporphyr ins  and  the  utilization  of  such  bridges  in  elec¬ 
tron  transfer  and  spin  coupling  processes. 

The  antiferromagnetlc  coupling  of  the  two  irons  in 
[TPPFe(lIl) JpQ  due  to  the  oxo  bridge,  shown  schematically  in 
Figure  1,  is  now  well  known  (2.).  But  other  bridges,  especially 
those  involving  ligands  generally  associated  with  heme  proteins 
have  not  been  as  well  investigated.  Histidine  has  been  found 
bound  to  the  heme  iron  in  hemoglobin  (h)  and  cytochrome  c  (2.) 
and  this  has  generated  a  great  deal  of  interest  in  imidazole  + 
adducts  of  iron  porphyrins.  Thus  the  [porphyrin  Fe(lIl)(lmH)2] 
ion  has  been  well  studied  by  several  research  groups  (6-15 ).  The 
structure  of  that  cation  is  shown  schematically  in  Figure  2. 
Imidazolate  complexes  of  porphyrins  have  not  been  well  examined 
in  spite  of  the  interesting  possibility  of  bridge  formation  and 
mediation  of  electron  transfer. 

Reported  imidazolate  complexes  are  generally  assumed  to  be 
polymeric  (lh)  as  confirmed  by  single  crystal  structure  deter¬ 
minations  on  the  Zn(ll)  (12.)  and  Cu(ll)  (16)  complexes.  The 
ability  of  this  ligand  to  conduct  electrons  is  not  shown  by  the 
electrical  conductivity  of  the  imidazolates  since  crystalline 
samples  of  Co(ll),  Cu(ll)  and  Zn(ll)  Imidazolates  have  been 
found  to  possess  greater  resistivities  than  Imidazole  itself  (1T)« 
However,  the  antiferromagnetic  behavior  found  for  copper  imidazo¬ 
late  (18)  has  Indicated  the  possible  role  of  the  anion  in  spin 
pairing  between  metal  ions.  Thus,  when  we  observed  that  the 
addition  of  base  to  solutions  of  hemin  fluoroborate  and  imida¬ 
zole  caused  the  formation  of  compounds  with  porphine  to  iron  to 
imidazolate  ratios  of  1:1:1,  we  embarked  on  a  study  of  their 
magnetic  properties. 

Addition  of  a  solution  of  base  to  one  containing  TPPFeBF4 
and  imidazole  consistently  produced  an  Insoluble  product. 
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Examination  of  the  X-ray  powder  diffraction  patterns  of  the  pro¬ 
ducts  indicated  that  exact  duplication  of  the  reaction  conditions 
reproduced  identical  products  but  that  variations  in  the  solvents 
lead  to  products  with  different  solid  phases.  In  addition,  the 
powder  patterns  indicated  that  irreversible  changes  occurred  upon 
grinding  the  solid  phases,  after  which  all  the  products  failed 
to  produce  any  observable  reflections  and  thus  appeared  to  be¬ 
come  amorphorous.  No  common  solvent  (e.g.  HgO,  CHjOH,  (Clfe^CO, 
DMSO,  CI^CN,  CH?C12,  CeHe)  was  found  capable  of  dissolving  any 
of  the  products,  although  long  exposure  to  methanol  generally 
caused  decomposition  of  the  solids  and  produced  the  oxo  dimer, 
(TPPFe)20.  In  no  case  did  the  infrared  (KBr)  spectrum  of  the 
product  reveal  any  absorption  at  8T0-1.  This  shows  the  absence 
of  (TPPFe)20  in  each  of  the  products.  The  ir  absorption  bands 
characteristic  of  the  TPPFe  group  were  observed  at  the  normal 
frequencies  and  the  Raman  spectrum  of  the  one  solid  product 
examined  was  extremely  similar  to  that  observed  for  solid 
[TPPFe(lmH)2]Cl. 

Preparative  reactions  were  carried  out  under  two  sets  of 
conditions  which  differed  mainly  in  the  time  allowed  for  addi¬ 
tion  of  the  basic  solution  to  that  of  the  hemin  and  imidazole. 

The  reactions  considered  to  be  rapid  involved  addition  of  the 
basic  solutions  dropwise  with  stirring  over  a  period  of  less 
than  30  min.  The  reactions  considered  to  be  slow  involved  two 
phase  systems  which  were  carefully  added  to  the  same  flask  so  as 
to  preserve  an  interface.  The  product  formed  at  the  interface 
over  a  period  of  more  than  two  days.  Variation  of  the  composi¬ 
tion  of  the  solvent  or  changes  in  the  time  allowed  for  the  re¬ 
action  did  not  appear  to  change  the  overall  stoichiometry  of  the 
product.  Analytical  data  indicated  that  the  reaction  product 
was  TPPFelm  •  S  where  Im  is  the  lmldazolate  anion  and  S  is  a 
small  molecule,  usually  solvent,  such  as  H^O  or  ClfaOH.  For  one 
set  of  reaction  conditions,  S  was  observed  to  be  a  mole  of  ImH. 

In  no  case  was  any  anion  except  lmldazolate  found  to  be  present 
in  any  solid  porphine  reaction  product.  It  was  also  found  pos¬ 
sible  to  convert  a  sample  of  TPPFelm  •  ImH  to  TPPFelm  •  HgO  sim¬ 
ply  by  washing  the  insoluble  solid  with  wet  methanol  and  di- 
chloromethane  to  remove  trapped  imidazole. 

The  structure  of  the  product  is  proposed  as  indicated  in 
Figure  3  and  is  justified  by  the  following:  A)  the  low  solubil¬ 
ity  of  the  product  indicates  a  high  molecular  weight;  B)  the  ab¬ 
sence  of  additional  anions  requires  the  presence  of  lmldazolate 
anion  (rather  than  imidazole)  for  charge  compensation  of  the 
ferric  hemin;  C)  the  similarity  of  the  Raman  spectrum  of  the 
product  to  that  of  the  TPPFe(lraH)2  cation  reveals  the  hexacoor- 
dination  of  the  hemin  iron;  D)  the  overall  stoichiometry  of  the 
solids  is  always  TPP/Fe/Ira  =  1/1/1;  E)  the  additional  small  mole¬ 
cule  (eq.  HgO,  ClfeOH)  contained  in  the  solids  are  easily  removed 
without  changing  the  ratio  of  TPP/Fe/Im;  F)  other  metal  imida- 
zolates  have  been  found  to  be  polymeric  and  none  have  been  proven 


In  Extended  Interactions  between  Metal  Ions;  Interrante,  L.; 

ACS  Symposium  Series;  American  Chemical  Society:  Washington,  DC,  1974. 


16.  cohen  and  ostfeld  lron(lll)  Hemin 


223 


Fe— O 


Figure  1.  Schematic  of  the  structure 
(3b)  of  the  /i  oxo  bridge  in  [TPPFe]  ,0. 
Vertical  lines  represent  the  plane  of  the 
porphine  ring. 


Figure  2.  Schematic  of  the  structure  (12)  of 
the  cation,  TPPFe(ImH)/.  Vertical  lines  repre¬ 
sent  the  plane  of  the  porphine  ring.. 


n/2 


Figure  3.  Proposed  structure  of  \TPPFelm\n. 
Vertical  lines  represent  the  plane  of  the  porphine 
ring. 
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to  be  momeric. 

The  magnetic  properties  of  solid  TPPFelm  •  Hs0  were  exam¬ 
ined  and  a  field  dependence  of  the  susceptibility  was  observed. 
Figure  k  shows  a  plot  of  X^  vs  1/H  at  300°K  and  includes  only 
those  data  points  with  H  >  6kG.  This  type  of  plot  is  often  used 
to  determine  the  paramagnetic  susceptibility  of  a  sample  in  the 
presence  of  ferromagnetic  impurities  which  can  be  saturated  by 
the  available  magnetic  fields  (12).  The  intercept  in  Figure  4 
as  determined  by  a  least  squares  fit  of  the  data  is  106X.  = 

1980  ±  60  cgs/mole  at  300°K.  ^ 

A  study  of  the  temperature  dependence  of  the  field  depen¬ 
dent  susceptibility  would  ascertain  the  possible  maintenance  of 
the  Curie  Law  for  X^.  This  requires  large  fields  to  magneti¬ 
cally  saturate  the  sample,  but  the  use  of  a  Cryostat  restricts 
our  available  fields  to  a  maximum  of  5980  gauss.  However,  the 
use  of  a  few  data  points  allows  a  reasonable  estimate  of  X.  at 
T7°K. 

Application  of  the  above  technique  to  two  different  solid 
samples  at  77°K  produced  values  of  10®^  of  69IO  and  5990  cgs/ 
mole.  The  values  of  x^  reveal  an  interesting  value  of  the  mag¬ 
netic  moment.  At  300°K  u  ,,  =  2.15  BM/Fe  and  at  7T°K  u  = 

1.9  to  2.1  BM/Fe.  e£f  Cff 

Therefore,  within  experimental  error,  the  polymers  exhibit 
a  paramagnetic  moment  of  2.1  BM/Fe  which  is  temperature  indepen¬ 
dent  between  77  and  300°K.  This  agrees  with  the  measured  moment 
(between  k.2  and  50°K)  of  TPPFe(lmH)2Cl  where  ueff  =  2.36  BM/Fe 
(l^).  These  values  are  all  consistent  with  low  spin  Fe(lll)  ex¬ 
hibiting  some  spin  orbit  coupling. 

The  linearity  shown  in  Figure  k  Implies  that  the  field  de¬ 
pendent  portion  of  the  susceptibility  of  the  sample  is  saturated 
when  H  >  6kG.  This  is  shown  in  Figure  5  as  molar  magnetization 
vs  field.  In  this  case  the  magnetization  (M  =  XjH)  is  deter¬ 
mined  from  the  observed  X^  less  the  field  independent  X^i  taken 
as  1920  x  10" 0  cgs/mole  in  accord  with  the  result  of  Figure  4. 
The  room  temperature  saturation  magnetization,  for  TPPFelm  •  HgO 
is  found  as  11.5  cgs  units/mole. 

This  corresponds  to  an  extremely  small  moment  at  saturation 
(300°K)  of  2.06  x  1CT3  BM/Fe,  if  all  the  iron  present  is  assumed 
to  be  involved.  As  small  as  this  value  is,  TPPFelm  •  HgO  shows 
magnetic  ordering  at  room  temperature. 

The  study  of  the  temperature  dependence  of  the  susceptibil¬ 
ity  of  TPPFelm  •  HgO  was  carried  at  a  fixed  field  of  6.V*  KGauss 
and  the  results  are  presented  in  Table  I.  The  data  indicates  a 
non-linear  relationship  between  1/x^j  and  T  with  1/x^  decreasing 
faster  than  the  Curie-Heiss  Law  predicts  as  temperature  de¬ 
creases.  This  behavior  (downward  curvature  of  a  1/x  vs  T  plot) 
ia  reminiscent  of  a  ferrimagnetic  material  above  its  Neel  tem¬ 
perature  (20).  However,  that  interpretation  can  be  rejected 
since  the  Neel  temperature  according  to  this  data  would  Have  to 
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Figure  5.  Molar  magnetization  at  300°K  vs.  H  for  TPPFelm  ■  HtO.  The  field 
independent  portion  of  the  susceptibility,  =  1920  X  10  s  cgs/mole,  was 
subtracted  from  the  observed  xmc,  M  =  H(xmc  —  xO- 
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be  below  100°K.  This  is  inconsistent  with  the  field  dependent 
behavior  of  the  same  sample,  because  saturation  can  be  observed 
at  room  temperature. 

TABLE  I.  Magnetic  Properties  of  TPPFelm  •  HgO 


Between  77  and  544°K  at  H  =  6.44  KGauss 


T°K 

10% 

i/y£ 

10'*1  calc.8 

io%b 

77 

8200 

122 

7792 

Eo5 

89 

7719 

129 

6741 

978 

104 

7146 

140 

5769 

1377 

127 

6572 

157 

4724 

1648 

15k 

5766 

173 

3986 

1870 

185 

5295 

189 

3245 

2052 

217 

4908 

204 

2765 

2143 

251 

4551 

220 

2390 

2161 

286 

4500 

252 

2098 

2202 

500 

4200 

258 

2000 

2200 

319 

4084 

245 

1881 

2205 

544 

5978 

251 

1744 

. 2g?fr  .. 

g 

Xi  ca^c  =  the  paramagnetic  susceptibility  calculated  for  a 
system  with  u  =  2.2  BM. 
b  c 

^  "  Xi  calc  ;  the  field  dependent  portion  of  the  sus¬ 
ceptibility. 

Inasmuch  as  the  paramagnetic  moment  of  TPPFelm  •  HgO  was 
shown  to  remain  between  2  and  2.2  BM  from  77  to  344° K;  the  cor¬ 
responding  field  independent  susceptibility  can  be  calculated 
(Xj  ^  )  at  each  temperature.  Subtraction  of  X^  caic  fro® 

leaves  y\  the  field  dependent  portion  of  ^  at  each  temperature 
(Table  I).  The  variation  of  y^  at  constant  field  with  T  is 
shewn  in  Figure  6.  It  is  apparent  that  the  extent  of  magnetiza¬ 
tion  decreases  considerably  with  decreasing  temperature.  An  ex¬ 
trapolation  of  the  curve  implies  that  should  become  negligible 
below  70°K  and  then  the  total  observed  susceptibility  should  be 
due  to  y_^  alone.  The  observation  of  the  loss  of  magnetization 
at  low  temperature  is  indicative  of  a  ferromagnetic  system  which 
undergoes  a  magnetic  phase  change  at  low  temperature  or  a  ferri- 
magnetic  system  which  possesses  a  high  Neel  temperature  and  a 
low  temperature  compensation  point  (20). 

The  dependence  of  y^  on  T  at  low  temperature  and  high  field 
is  shown  in  Figure  7.  It  is  evidently  quite  complex  and  does  not 
fit  the  Curie-Welss  Law  in  any  region  of  T.  The  lack  of  know¬ 
ledge  of  the  value  of  y^  below  77'K  prohibits  separation  of  y^ 
into  y^  and  y^  at  each  temperature  but  the  anomalous  behavior  of 
the  sample  at  about  60°K  is  evident.  It  is  also  rather  important 
to  note  that  the  total  observed  susceptibility  at  low  temperature 
is  only  about  10$  of  the  y^  calculated  on  the  basis  of  = 

2  BM.  Clearly,  the  constant  moment  observed  above  77°K  is  not 


In  Extended  Interactions  between  Metal  Ions;  Interrante,  L.; 

ACS  Symposium  Series;  American  Chemical  Society:  Washington,  DC,  1974. 


228 


EXTENDED  INTERACTIONS  BETWEEN  METAL  IONS 


Figure  6.  Field  dependent  portion  of  susceptibility  vs.  temperature  for  TPPFelm 
HjO  at  H  =  6.44  KGauss.  Value  of  xi™'<  was  calculated  at  each  temperature 
for  a  system  with  =  2.2  BM  and  *,i  =  ^.i/'  —  xi™/i- 
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Figure  7.  Observed  xmc  for  TPPFelm  ■  F1,0  vs.  temperature  at  15  KGauss 
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constant  below  77°K. 

The  approach  used  here  to  determine  Xj  1°  the  presence  of  a 
field  dependent  moment  is  usually  required  ror  the  study  of  sam¬ 
ples  containing  ferromagnetic  impurities.  In  addition,  the  very 
small  moment  observed  by  determining  the  saturation  magnetiza¬ 
tion  of  TPPFelm  •  HgO  suggests  that  the  ordered  system  is  in 
fact  only  an  impurity  in  the  sample.  It  could  be  argued  that 
the  [TPPFelm]^  system  is  behaving  like  [TPPFe(lmH)g]  and  pos¬ 
ses  a  temperature  independent  ue£r  about  2.3  BM  and  the  im¬ 
purity  alone  is  responsible  for  tne  field  dependent  effects. 

The  analyses  certainly  do  not  rule  out  such  a  possibility.  On 
the  other  hand,  the  starting  material  TPPFeBF*  does  not  show  any 
Xj  and  simply  grinding  the  solid  product  which  is  not  expected 
to  effect  the  amount  of  an  impurity  does  change  the  value  of  Xj* 
It  is  also  rather  significant  that  the  treatment  of  TPPFeBF4 
with  imidazole  produces  TPPFe(lmH)2+  which  does  not  show  any 
field  dependent  moment  and  the  treatment  of  TPPFeBF4  with  OH“ 
produces  (TPPFe)gO  which  also  does  not  exhibit  any  field  depen¬ 
dent  magnetic  properties.  We  do  not  therefore  expect  that  treat¬ 
ment  of  TPPFe BF4  by  ImH  and  OH"  together  will  produce  a  ferro¬ 
magnetic  impurity  in  the  product.  Another  strong  argument  a- 
galnst  an  impurity  being  responsible  for  the  field  dependence 
follows  a  consideration  of  the  low  temperature  dependence  of  X^» 
Below  60°K  the  value  of  drops  well  below  that  consistent  with 

a  u  x=  2  system.  There  is  no  way  that  a  magnetic  impurity  can 
subtract  from  the  total  susceptibility  of  a  sample;  that  is,  the 
minimum  X  for  ®n  impure  sample  must  be  due  to  the  paramagnet  it¬ 
self.  Either  the  magnetic  behavior  and  the  anomaly  at  60°K  is 
characteristic  of  the  bulk  sample  or  we  must  require  that  the  im¬ 
purity  and  the  polymer  both  coincidentally  undergo  some  magnetic 
phase  change  at  about  60°K. 

It  is  also  significant  to  note  that  no  EPR  spectrum  could 
be  observed  at  room  temperature  or  7T°K  for  TPPFelm  •  HgO.  How¬ 
ever  even  1  part  per  thousand  of  either  iron  metal  or  magnetite 
could  be  observed  in  the  EPR  spectrum  when  those  materials  were 
specifically  added  to  a  solid  porphlne.  Finally,  a  sample  was 
prepared  which  showed  a  large  field  dependence  of  y^j  (i.e.  133$ 
change  in  y^  when  H  varied  from  2  to  6  KGauss).  The  sample  was 
suspended  in  ClfeClg  and  gaseous  HC1  was  bubbled  through  the  sus¬ 
pension  for  1  min.  The  solid  immediately  dissolved.  The  solu¬ 
tion  was  not  disturbed  for  5  min.  and  then  the  solvent  was  re¬ 
moved  in  a  stream  of  N2.  The  solid  was  dried  in  vacuo  at  room 
temperature  and  was  not  purified  or  additionally  treated  in  any 
manner.  The  final  solid  as  was  obtained  was  examined  magneti¬ 
cally  and  the  y^  was  observed  to  change  by  only  6.3$  between 
high  and  low  field.  Furthermore,  the  y^  observed  corresponded 
to  a  ue£j  between  5.6  and  5-8  BM/Fe.  The  visible  spectrum  in¬ 
dicated  that  the  treatment  with  HC1  had  converted  the  polymer  to 
TPPFeCl  [known  ueff  =  5.9  BM  (21)]. 
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We  conclude  that  the  field  dependent  magnetic  behavior  of 
the  sample  Is  characteristic  of  the  polymer  because  mild  treat¬ 
ment  whichcbreaks  up  the  polymer  also  eliminates  the  field  depen¬ 
dence  of  The  very  high  susceptibilities  and  field  dependence 

observed  Indicates  that  [TPPFeIm]n  Is  capable  of  magnetic  order¬ 
ing.  The  fact  that  the  field  dependent  magnetization  can  be 
saturated  (at  room  temperature)  eliminates  antiferromagnetic 
coupling  and  Implies  that  ferro-  or  ferri-  magnetic  coupling  Is 
occurring.  The  temperature  dependence  of  does  not  allow  the 
straightforward  assignment  of  either  ferro-  or  anti ferromagnetism 
to  this  system.  A  ferrimagnetlc  model  requires  the  presence  of 
two  different  types  of  magnetic  sites  for  the  iron  with  an  anti- 
ferromagnetic  interaction  between  them  (20).  It  is  extremely 
difficult  to  envision  how  this  could  occur  for  this  system.  In 
particular,  interchain  Interactions  can  be  ignored  because  of  the 
large  separation  between  chains  required  by  the  size  of  the  por- 
phine  ring.  However,  the  unusual  properties  observed  may  be  due 
to  the  linear  structure  of  the  polymer. 

The  problem  of  unidimensional  magnetically  ordered  systems 
has  been  of  considerable  theoretical  and  experimental  interest 
for  several  years.  This  is  in  part  due  to  the  proof  by  Mermin 
and  Wagner  (22)  that  an  infinite  one  dimensional  system  at  fi¬ 
nite  temperature  cannot  exhibit  long  range  order  and  thus  can¬ 
not  act  as  a  perfect  ferro-  or  antiferromagnet.  It  is  however 
still  possible  for  short  range  interactions  to  occur  which  can 
lead  to  both  types  of  magnetic  ordering.  Several  groups  have 
subsequently  discussed  the  theory  of  these  systems  (2^,2jt,).  Most 
of  the  experimental  work  has  concerned  antiferromagnetlc  systems 
(25 )  but  CsN1F3  has  been  found  to  act  as  one  dimensional  ferro- 
magnet  by  susceptibility  and  neutron  diffraction  studies  (26). 

The  results  observed  for  [TPPFeIm]n  appear  too  complicated  to 
attempt  any  quantitative  fit  to  the  theories  at  this  time.  How¬ 
ever  the  very  low  saturation  moment  derived  from  the  field  depen¬ 
dent  magnetization  of  [TPPFeIm]n  is  consistent  with  the  occur¬ 
rence  of  only  weak,  short  range  ordering  of  the  ferromagnetic 
type.  If  only  a  small  portion  of  the  bulk  sample  is  ordered  then 
the  remainder  of  the  iron  sites  could  continue  to  exhibit  normal 
paramagnetism  and  contribute  to  a  field  independent  moment  of 
reasonable  magnitude  as  observed.  This  model  could  also  explain 
the  extreme  variability  of  y^  between  samples  because  the  condi¬ 
tions  of  precipitation  and  presence  of  solvent  could  greatly 
change  the  extent  of  the  small  ordering  that  occurs. 

In  order  to  better  ascertain  the  applicability  of  a  linear 
ferromagnetic  model  for  [TPPFeIm]n  we  will  require  considerably 
more  information  derived  from  low  temperature  susceptibility  and 
Mossbauer  studies.  Knowledge  regarding  the  ug££  below  60°K  and 
the  nature  of  the  anomaly  about  60°K  is  currently  being  sought. 

The  facts  that  the  polymer  can  be  prepared  and  the  lmidazo- 
late  bridges  allow  metal-metal  interactions  to  occur,  support  our 
Interest  in  this  system.  Thus  our  current  study  of  the  role  of 
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imidazole  in  oxidation  reduction  reactions  involving  iron  porphy¬ 
rins  may  provide  a  model  for  part  of  the  biological  electron 
transport  chain. 

We  thank  Arthur  Tauber  at  the  U. S.  Army  Electronics  Command 
for  the  measurement  of  susceptibility  below  77eK  and  the  Public 
Health  Service  for  support  of  this  work  through  Grant  AM-II355. 
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Local  and  Collective  States  in  Single  and  Mixed 
Valency  Chain  Compounds 

P.  DAY 

University  of  Oxford,  South  Parks  Rd.,  Oxford  0X1  3QR,  England 


Abstract 


Compounds  containing  chains  of  metal  atoms  are  found 
with  four  distinct  classes  of  structure,  each  of  which, 
as  a  result  of  the  widely  varying  strength  of  the 
metal-metal  interaction,  has  associated  with  it  its 
own  characteristic  pattern  of  physical  properties. 

Thus  one  may  have  either  single  or  mixed  valency  phases 
with  near  neighbor  contact  between  metal  ions  formed 
either  directly  or  through  anion  bridges.  The  optical. 
X-ray  photo  electron,  magnetic  and  transport  properties 
of  examples  of  each  class  are  surveyed,  with  particular 
emphasis  on  work  carried  out  at  Oxford,  to  highlight 
the  relative  importance  of  single  center  and  collective 
excited  states  in  each  category,  in  relation  to  their 
structures  and  the  magnitude  of  the  metal-metal 
interaction.  It  is  pointed  out  that  a  collective 
description  may  be  appropriate  for  magnetic  and 
electronic  excitations  even  without  electron 
delocalization . 


1.  Introduction 


Only  in  the  last  few  years  have  inorganic  chemists  interested 
in  the  electronic  structures  of  metal  complexes  paid  much 
attention  to  the  consequences  of  the  interactions  which  can  take 
place  between  molecules  and  ions  placed  next  to  each  other  in 
the  solid  state.  At  their  weakest  such  interactions  may  manifest 
themselves  only  in  relatively  subtle  shifts  and  splittings  of 
electronic  absorption  bands,  and  in  magnetic  ordering  at  low 
temperatures.  On  the  other  hand,  strong  intermolecular 
interactions  lead  to  spectacular  color  changes  or  the  appearance 
of  new  absorption  bands  not  found  in  the  spectra  of  the  isolated 
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molecules  or  Ions.  Finally,  in  extreme  cases  the  entire  range 
of  physical  properties  of  the  crystal  may  be  profoundly  different 
from  those  expected  of  ordinary  ionic  or  molecular  solids.  Of 
the  latter  situation,  the  most  famous  instance  is  certainly  the 
one-dimensional  metallic  conducting  behavior  of  the  partially 
oxidized  platinum  compounds  such  as  K2Pt(CN)4Bro.3*3H20.  The 
exceptional  properties  of  this  material  have  served  to  focus 
attention  on  metal  atom  chain  compounds  in  general. 

For  a  number  of  years  we  ourselves  have  been  interested  in 
both  magnetic  and  charge  transfer  interaction  effects  in 
inorganic  crystals.  The  purpose  of  the  present  paper  is  to 
bring  together  some  of  these  observations,  primarily 
concentrating  on  one-dimensional  examples,  to  exemplify  how  the 
optical,  magnetic  and  electron  transport  properties  are 
influenced  by  the  strength  of  the  metal-metal  interaction.  Metal 
atom  chain  compounds  are  found  with  a  great  variety  of  structures 
and  are  formed  by  a  large  number  of  different  elements.  It  may 
be  useful  therefore  to  attempt  some  general  classification  of 
the  pattern  of  physical  behavior  characteristic  of  each  structure 
type,  and  of  the  strength  of  the  metal-metal  interaction.  One 
reason  why  this  class  of  materials  is  so  interesting  is  that 
they  span  the  entire  range  from  localized  to  collective  behavior 
and  thus  should  be  a  good  testing  ground  for  theoretical  models 
of  the  solid  state. 

2.  Localized  and  Collective  States 


Before  discussing  the  various  classes  of  metal  chain 
compound,  a  general  point  which  needs  to  be  touched  on  concerns 
the  meaning  of  the  words  ’localized'  and  'collective'  as  used 
in  this  context.  Unlike  solid  state  physicists,  inorganic 
chemists  are  not  usually  accustomed  to  constructing  wavefunctions 
which  are  invariant  to  the  operations  of  translation  within  a 
periodic  lattice.  Nevertheless,  if  a  crystal  such  as  ^PtCCN)^ 
absorbs  a  photon  of  such  an  energy  that  one  of  the  constituent 
complex  anions  undergoes  a  ligand  field  transition,  it  is  an 
inescapable  fact  that  we  do  not  know  which  of  the  10^3  anions 
in  the  crystal  has  been  excited,  and  that  as  a  result,  the 
excited  state  wavef unction  must  allow  an  equal  probability  of 
each  ion  being  excited:  in  other  words  the  wavefunction  is  a 
Bloch  function.  In  one  sense  the  state  which  it  describes  is 
'collective,'  since  the  excitation  belongs  to  the  whole  lattice. 
How  far  and  how  fast  it  can  move  in  practice,  however,  depends 
on  the  magnitude  of  inter-ionic  coupling  or  transfer  integrals 
compared  with  either  intra-ionic  electron  correlation  or 
repulsion  effects  on  the  one  hand,  or  electronic-vibrational 
interactions  on  the  other.  Crudely,  if  the  excitation  is  capable 
of  being  transferred  from  molecule  to  molecule  faster  than  each 
molecule  can  accommodate  its  geometry  to  the  excitation,  then 
the  excitation,  or  'exciton,'  'belongs'  to  the  whole  lattice. 
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Otherwise,  its  range  of  travel  is  limited  to  a  few  adjacent 
molecules  (or  finally,  only  to  one),  and  it  is  localized. 

Delocalization  of  excitation,  however,  is  far  from  implying 
delocalization  of  electrons,  or  the  occurrence  of  electronic 
conductivity.  Exciton  migration  over  hundreds  of  angstroms  is 
familiar  in  aromatic  molecular  crystals,  for  example,  yet  in 
their  ground  states  they  are  excellent  insulators.  For 
conductivity  it  is  obvious  that  we  need  to  form  crystal  states 
in  which  the  electron  occupancy  at  different  sites  has  been 
altered,  e.g. ,  creating  Pt(CN)|"  and  Pt(CN)^  in  ^PtCCN)^.  In 
ordinary  ionic  and  molecular  crystals  such  processes  require  a 
large  energy  input,  and  it  is  therefore  inappropriate  to  talk 
of  collective  electron  states  in  these  materials.  Interionic 
electron  transfer  states  are  only  formed  readily  in  solids 
containing  an  integral  number  of  electrons  per  atom  when  the 
electron  concentration  is  high  enough  to  screen  an  excited 
electron  from  the  positive  hole  left  on  the  ion  from  which  it 
originated.  In  contrast,  if  different  sites  in  the  crystal  are 
already  occupied  by  different  numbers  of  electrons  when  the 
lattice  is  formed,  much  less  energy  is  needed  to  form  states  in 
which  these  sites  are  merely  interchanged.  It  may  then  be 
possible  to  form  conducting  states  at  lower  electron 
concentrations,  or  with  smaller  overlap  between  ions,  than  one 
would  need  to  generate  energy  bands  of  finite  width  in 
stoichiometric  single  valence  solids.  This  is  the  significance 
of  mixed  valency,  as  we  shall  see  in  the  survey  of  metal  ion 
chain  compounds  which  follows.’ 

3.  Types  of  Transition  Metal  Chain  Compound 

Transition  metal  compounds  in  which  each  cation  has  only 
two  nearest  neighbors  are  formed  both  in  single  and  mixed  valency 
situations.  In  turn,  each  of  these  may  be  formed  either  with 
or  without  anion  bridges  between  the  neighboring  cations.  Some 
examples  of  each  type  of  compound  are  given  in  Table  1.  The 
principal  class  of  anion  bridges  single  valence  chains  is  that 
of  the  hexagonal  perovskites  ABX3.  When  X  is  a  halide  ion  and 
A  a  univalent  ion  the  lattice  can  be  thought  of  as  made  up  of 
a  close  packed  array  of  A  and  X,  if  they  are  of  comparable  size, 
e.g.,  Cs^  and  Cl  .  Now  in  a  close  packed  assembly  of  ions  the 
number  of  octahedral  holes  equals  the  number  of  close  packed 
atoms,  but  in  the  system  AXo  only  one_quarter  of  the  octahedral 
holes  are  surrounded  exclusively  by  X  ions  and  are  hence 
available  for  occupation  by  the  b2+  cations.  The  ABX3 
stoichiometry  would  then  be  generated  by  filling  all  the  holes 
of  this  type.  If  the  lattice  of  (A+3X)  is  cubic  close  packed 
we  have  the  cubic  perovskite  structure  formed  by  many  oxides 
and  fluorides.  However  another  possibility  is  hexagonal  close 
packing  of  (A+3X) .  In  that  case  the  octahedral  BX$  groups  are 
stacked  in  columns  sharing  pairs  of  opposite  faces  so  that  the 
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B  to  B  separation  Is  much  smaller  parallel  to  the  £-axis  of  the 
hexagonal  unit  cell  than  perpendicular  to  It.  If  the  BX^ 
octahedra  were  undistorted,  and  If  the  ionic  radius  of  A*  were 
equal  to  that  of  X  the  ratio  of  the  nearest  neighbor  B-B 
distance  along  the  stacks  to  the  distance  between  stacks  would 
be  2.449.  In  many  examples,  however,  the  ratio  is  larger  since 
one  can  use  cations  such  as  NfCHgJ'J  which  are  bigger  than  X~.  On 
the  other  hand,  with  undistorted  BXg  the  nearest  neighbor  B-B 
distance  is  2//3  times  the  B-X  bond  length.  It  is  clear 
therefore  that  the  anions  will  play  an  important  role  in  any 
exchange  processes  between  the  B  ions.  Whatever  the  pathway  of 
the  B-B  interaction  though.  A  convincing  demonstration  of  its 
one-dimensionality  is  provided  by  the  ratio  of  intra-chain  and 
inter-chain  exchange  integrals  in  a  compound  such  as 
iKCHj^MnClg,  which  has  been  determined  as  10^  (7). 

The  other  class  of  single  valence  chain  compounds  in  which 
anion  bridging  plays  a  role  are  the  hydrated  ternary  transition 
metal  halides.  Here  the  coordination  of  each  bivalent  metal 
ion  is  again  octahedral,  consisting  of  four  halide  ions  and  two 
cis-water  molecules  (3) .  The  octahedra  are  j  oined  into  chains 
through  approximately  180°  bridges  involving  the  trans  halide 
ions. 

Halide  bridges  between  cations  of  differing  oxidation  state 
are  mainly  confined  to  situations  in  which  one  of  the  cations 
has  a  low  spin  d^  configuration,  and  hence  basically  square 
planar  coordination.  The  vacant  sites  perpendicular  to  the 
plane  containing  the  ligands  may  then  be  occupied  by  halide  ions 
which  are  themselves  coordinated  to  another  cation.  In  the  most 
common  examples  of  this  type,  the  second  cation  has  a  low  spin 
d^  configuration  and  thus  octahedral  coordination.  The  halide 
bridges  may  also  be  the  terminal  groups  of  linearly  coordinated 
d-*-®  cations  such  as  Au*.  In  fact,  a  famous  example  of  the  latter 
is  the  black  compound  known  as  Wells'  salt,  which  has  the 
empirical  formula  CsAuClj.  The  structure,  determined  many  years 
ago  by  Elliot  and  Pauling  (4)  contains  chains  of  alternating 
linear  AuCl„  and  square  planar  AuClT._  However,  each  AuCl-  also 
has  four  chloride  ions  from  four  AuCl^  coordinated  at  right 
angles  to  its  principal  axis,  so  In  toto .  the  lattice  could  be 
viewed  as  a  distorted  version  of  the  cubic  close  packed 
perovskite . 

To  achieve  a  close  enough  approach  between  metal  ions  for 
direct  interaction  between  them  to  outweigh  interactions  through 
bridging  ligand  groups,  the  most  favorable  situation  is  clearly 
to  have  complexes  which  are  coordinatively  unsaturated,  so  that 
another  metal  ion,  or  complex,  can  act,  as  it  were,  as  a  ligand. 
The  most  familiar  examples  of  coordinative  unsaturation  are 
square  planar  complexes,  so  it  is  among  low  spin  d®  compounds 
that  some  of  the  most  spectacular  intermetallic  interaction 
effects  are  found,  both  in  single  and  mixed  valency  compounds. 
Also,  because  it  is  the  trans  sites  in  such  a  geometry,  which 
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are  available  for  coordination,  polymerization  is  bound  to  give 
linear  systems.  Single  valence  examples  are  found  with  3d^ , 

4d  and  5d®  configurations,  both  where  the  units  are  neutral 
molecules  like  PtenCl2,  anions  like  Pd(CN)?-  or  alternating 
anions  and  cations,  as  in  Magnus'  Green  Salt.  In  all  of  these, 
important  intermetallic  interaction  effects  are  observed,  as  we 
shall  indicate  later.  At  the  present  time  examples  of  direct 
metal-metal  interactions  in  mixed  valence  chains  are  only  known 
for  systems  based  on  partial  oxidation  of  square  planar  complexes 
in  the  third  transition  series.  We  and  others  have  made  repeated 
efforts  to  prepare  Ni  and  Pd  analogues  of  the  partially  oxidized 
Pt  chain  compounds,  but  with  no  success.  Even  attempts  to  dope 
K2P t(CN)^Br0>30.3H20  with  Pd(CN)^"  or  Ni(CN)£“  by 
co-crystallizing  it  in  the  presence  of  large  excesses  of  these 
two  ions  do  not  lead  to  any  detectable  incorporation  of  3d®  or 
4d  complex.  Whether  this  is  because  the  greater  radial 
extension  of  the  5d  orbital  is  needed  to  obtain  sufficient 
overlap  between  the  cations  to  stabilize  the  band  structure,  or 
whether  it  is  connected  with  the  smaller  nd-(n+l)p  separation 
in  the  third  transition  series  we  cannot  say. 

Following  this  brief  and  generalized  survey  of  the  main 
structure  types  of  the  metal  chain  compounds,  some  account  can 
now  be  given  of  the  physical  properties  associated  with  each 
type.  In  order  to  avoid  this  having  too  much  of  the  character 
of  a  review,  reference  will  mainly  be  made  to  work  on  chain 
compounds  which  has  been  carried  out  in  Oxford  in  the  last  few 
year 8. 

4.  Single  Valence  Metal  Chain  Compounds 

(a)  Anion  Bridged  Compounds .  An  outline  of  the  properties 
of  single  valence  metal  chain  compounds  is  given  in  Table  2, 
which  highlights  the  differences  found  between  compounds 
containing  anion  bridges  rather  than  directly  interacting  metal 
ions.  The  key  observation  is  that  none  of  the  anion  bridged 
compounds  have  any  low  energy  excited  states  of  metal-to-metal 
charge  transfer  type.  Since,  as  we  have  noted,  it  is  mixing  of 
this  kind  of  state  into  the  ground  state  which  leads  to 
collective  electronic  behavior ,  it  is  no  surprise  that  all  known 
examples  are  insulating,  with  localized  ground  states. 
Ligand-to-metal  charge  transfer  states  exist  in  the  ultraviolet, 
however,  and  insofar  as  these  involve  the  bridging  ligands, 
their  mixing  into  the  ground  state  provides  a  mechanism  for 
superexchange ,  leading  to  magnetic  ordering  at  low  temperatures. 
At  lot  has  been  written  about  one-dimensional  magnetic  ordering, 
but  a  single  representative  example  will  illustrate  some  of  the 
characteristics  of  this  kind  of  system. 

Unlike  CsCuCl^,  which  distorts  from  the  hexagonal  perovskite 
structure  so  as  to  provide  each  Cu  atom  with  four  short  and  two 
long  bonds,  the  other  first  transition  series  ion  which 
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customarily  shows  strong  Jahn-Teller  distortion,  Cr^,  forms  a 
compound  CsCrClj  which,  at  least  above  172  K,  has  an  undistorted 
hexagonal  perovskite  structure  (5) .  That  one-dimensional  spin 
correlations  are  important  in  this  compound  follows  at  once  from 
the  temperature  variation  of  the  magnetic  susceptibility  which 
has  a  broad  maximum  near  170  K,  then  decreases  with  the  onset 
of  antiferromagnetism.  In  fact  though,  three  dimensional 
magnetic  ordering  does  not  take  place  until  the  Neel  temperature 
of  16  K  is  passed,  so  between  170  and  16  K  only  antiferromagnetic 
interactions  within  the  chains  are  of  any  importance.  An  even 
more  direct  measure  of  the  one-dimensionality  of  the  spin 
correlations  is  the  dispersion  of  the  spin-wave  excitations 
parallel  and  perpendicular  to  the  chain  (6) .  Just  as  we  have 
to  write  the  electronic  excited  state  wavefunctions  of  a  crystal 
as  Bloch  functions,  so  as  to  allow  the  excitation  an  equal 
probability  of  residing  on  any  of  the  constituent  ions,  so,  in 
the  same  way,  must  a  magnetic  excitation  (that  is,  the  deviation 
of  a  spin  from  the  direction  it  would  have  in  the  totally  ordered 
lattice)  be  delocalized.  Spin  waves  of  differing  wavelengths 
(or  wave  vectors)  have  different  energies,  which  can  be 
determined  by  inelastic  neutron  scattering,  thus  building  up  a 
picture  of  the  dispersion  curve  experimentally.  The  experimental 
spin-wave  dispersion  of  CsCrClj  near  4  K  parallel  and 
perpendicular  to  the  chains  is  shown  in  Figure  1.  Although  the 
results  do  not  cover  the  entire  Brillouin  zone,  because  of  the 


small  size  of  the  crystal  available  to  us,  they  do  show  very 
clearly  that  the  dispersion  perpendicular  to  the  £-axis  is 
essentially  zero.  The  exchange  integral  between  neighboring  Cr 
ions  in  the  basal  plane  is  therefore  negligibly  small  whilst 


within  the  chains  curve  fitting  to  the  experimental  points  on 
the  dispersion  curve  gives  J-^  *v>  26.7  cm--'-. 

Since  customarily  there  are  no  charge  transfer  states  in 


the  visible  or  near  ultraviolet  in  this  class  of  compound,  the 


lowest  energy  excited  states  are  ligand  field  in  type,  and  can 
therefore  be  described  as  Frenkel,  or  tight-binding,  excitons. 
Many  ligand-field  excited  states  have  spin  projections  different 
from  the  ground  state  and  transitions  to  them  should  consequently 
be  electric  dipole  forbidden.  It  has  been  known  for  a  number 
of  years,  however,  that  such  transitions  can  be  rendered  allowed 
in  antiferromagnetic  compounds  by  using  the  exchange  interaction 
to  couple  an  exciton  formed  with  decrease  of  spin  (e.g.,  sextet 
to  quartet)  with  a  spin  deviation  among  the  rest  of  the  ions  in 
the  lattice,  which  remain  in  their  ground  states.  The  most 
famous  examples  of  such  'exciton-magnon'  combination  bands  are 
found  in  manganese  salts  (_7) ,  so  it  is  interesting  to  see  how 
the  effect  manifests  itself  in  Mn^I  salts  of  the  hexagonal 


perovskite  type,  which  contain  chains  of  antiferromagnetically 
coupled  ions  like  that  found  above  in  CsCrClj. 

In  overall  appearance  the  ligand  field  spectra  of  Mn1  chain 
compounds  are  much  like  those  of  other  six-coordinate  Mh^ 
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complexes,  confirming  again  that  the  metal-metal  interactions 
in  anion  bridged  single  valence  chains  are  weak.  Two  features 
stand  out,  however.  First,  the  oscillator  strengths  of  the _ 
transitions  are  greater  than  in  non-bridged  ('outer-sphere') 
salts  where  magnetic  interactions  are  negligible.  Second,  the 
temperature  dependences  of  the  oscillator  strengths  follow  a 
rather  curious  pattern,  quite  unlike  that  of  the  usual  'coth' 
plot  for  a  simple  vibronically  induced  transition.  Some 
experimental  examples  are  shown  in  Figure  2 (a)  (8) .  In  all 
cases  the  oscillator  strength  increases  rapidly  at  first  when 
the  temperature  is  raised  above  4.2  K,  then  passes  through  a 
broad  maximum  at  a  temperature  which  varies  from  one  compound 
to  another,  but  appears  to  be  the  same  for  all  the  bands  in  each 
compound.  Then  after  dropping  slightly  it  finally  increases 
slowly  and  monotonically  towards  room  temperature.  This 
variation  has  some  general  resemblance  to  the  curve  of 
susceptibility  vs.  temperature  for  these  materials  (9  ) .  In 
fact,  the  results  in  Figure  2(a)  stimulated  Tanabe  and  Ebara  to 
calculate  the  intensity,  frequency  and  linerwidth  variation  of 
the  magnon  sidebands  in  linear  antif erromagnets,  with  the  result 
shown  in  Figure  2(b)  (10) .  It  can  be  seen  that  the  overall  form 
of  the  variation  is  nicely  reproduced.  Tanabe 's  theory  requires 
that  the  temperature  at  which  the  broad  maximum  occurs  in  the 
intensity  is  approximately  |j/k|s(S+l).  For  the  three  compounds 
we  investigated,  the  values  of  J/k  derived  from  the  spectra  are 
listed  in  Table  3,  which  also  shows  that  for  the  two  compounds 
for  which  we  have  susceptibility  data  (9,11) ,  the  level  of 
agreement  between  the  latter  and  the  optically  derived  value  of 
J/k  is  very  satisfactory. 

(b)  Directly  Interacting  Metal  Ions.  When  metal  ions  are 
brought  close  enough  together  in  a  chain  to  interact  directly, 
without  the  intermediary  of  a  bridging  ligand,  the  effect  of 
the  neighboring  ions  on  the  electronic  states  of  each  metal  ion 
is  naturally  increased.  Unfortunately  no  examples  of  such  chains 
are  known  in  which  the  constituent  ions  have  unpaired  spins 
because,  as  we  noted  already,  they  are  all  based  on  square  planar 
d®  complexes.  The  single  exception  known  to  us  is  P^NHj^CuCl^ 
which,  however,  contains  chains  of  alternating  Pt (NHg)^  and 
CuCl|~  and  so  has  a  diamagnetic  ion  between  each  pair  of  d^ 
ions.  Consequently  it  has  a  Neel  temperature  of  only  0.5°K, 
from  which  near  neighbor  exchange  integral  of  about  0.25  cm- 
can  be  estimated  (12) . 

Turning  to  optical  properties,  one  finds  two  different  types 
of  situations  in  the  single  valence  chains  with  directly 
interacting  metal  ions,  depending  on  whether  the  lowest  energy 
excited  states  of  the  constituent  complexes  are  forbidden  or 
allowed.  The  former  are  most  likely  to  be  ligand  field  states, 
which  are  parity  forbidden  from  the  ground  state  in 
centrosymmetric  complexes  like  PtCl^-  and  may  in  addition  be 
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Cs  Cr  Cl3 


V 

Figure  1.  Dispersion  of  spin  waves  propagating  (a)  par¬ 
allel  and  (b)  perpendicular  to  the  Cr  chains  in  the  linear 
antiferromagnet  CsCrCl 
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spin-forbidden.  The  latter  may  be  either  'atomic'  (e.g.,  5d 
6p  in  Pt**  complexes)  or  charge  transfer. 

Cases  where  the  lowest  excited  states  are  of  ligand  field 
type  are  the  salts  l^PtCl^,  PtenX2(X=Cl,Br)  and  Pt (NH^j^PtCl^, 
Magnus'  Green  Salt  (MGS),  although  some  of  the  earlier  workers 
thought  that  the  unusual  color  of  the  last  example  pointed  to 
'metal-metal  bonding,'  and  the  existence  of  new  excited  states 
which  could  not  be  traced  back  in  parentage  to  any  intramolecular 
transitions  of  the  constituent  anion  or  cation  (13) .  At  first 
sight  it  does  seem  peculiar  that  MGS  should  be  green,  since 
Pt(NH3)|+  is  colorless,  both  in  solution  and  in  P^NH^j^Clp, 
while  PtCl|“  is  pink  in  solution  and  in  I^PtCl^.  Nevertheless, 
by  looking  at  the  way  the  polarized  crystal  spectra  vary  along 
a  series  of  MGS  analogues  Pt (RNH2) ,PtCl<  as  the  R  group  is  made 
more  bulky,  we  showed  some  years  ago  (14)  that  the  visible  bands 
in  MGS  are  all  traceable  to  ligand  field  transitions  appearing 
in  the  spectrum  of  PtCl|~  in  K2PtCl^,  albeit  with  red  shifts  up 
to  4000  cm--*-.  Examples  of  these  are  shown  in  Figure  3.  They 
are  also  considerably  intensified  compared  to  K2PtCl^,  most 
dramatically  when  the  incident  electric  vector  is  parallel  to 
the  metal  stack  (15) .  The  reason  for  the  intensification  is 
assumed  to  lie  in  the  fact  that  the  transitions  borrow  their 
intensity  vibronically  from  allowed  transitions  out  in  the 
ultraviolet  which  are  themselves  strongly  red-shifted  by  the 
in termo lecular  interaction. 

Intense  absorption  when  the  incident  electric  vector  is 
parallel  to  the  metal  chains  has  often  been  taken  as  evidence 
for  metal-metal  bonding,  but  as  we  first  pointed  out  (16)  ,  this 
conclusion  may  be  based  on  a  false  interpretation  of  the 
available  absorption  mechanisms.  It  is  undoubtedly  true,  of 
nickel  dimethylglyoximate  for  example,  that  the  crystal,  which 
contains  metal  chains,  has  an  intense  absorption  band  in  the 
visible,  polarized  parallel  to  the  chains,  which  does  not  appear 
in  the  solution  spectrum.  It  is  equally  true,  however,  that 
the  first  intense  band  of  nickel  N-methyl-salicycaldimine,  which 
does  not  form  chains  in  the  crystal,  is  also  polarized 
perpendicular  to  the  molecular  planes.  In  both  cases  the 
transition  is  most  probably  a  d  2  **■  ff*  charge  transfer,  but  the 
feature  distinguishing  them  is  fhat  when  the  molecules  are 
stacked  plane  to  plane  the  transition  dipoles  are  all  parallel, 
so  interactions  between  them  are  maximized  and  very  large  Davydov 
shifts  occur.  No  intermolecular  electron  exchange  need  be 
invoked  in  either  case.  In  fact,  we  believe  that  in  general, 
when  the  lowest  energy  excited  states  of  the  molecular  units 
are  polarized  perpendicular  to  their  planes,  the  lowest  excited 
states  of  the  stacks  of  molecules  in  the  crystal  are  always 
neutral  Frenkel  excitons  rather  than  ionic  excitons.  This 


prejudice  is  based  on  the  magnitude  of  the  Davydov  splitting  to 
which  the  neutral  excitons  will  be  subject  (a  'back  of  an 
envelope'  calculation  suggests  around  14,000  cm“l  for  transition 
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Table  3.  Temperature  Dependence  of  Intensity  of  Magnon  Sidebands 
In  Linear  Antlferromagnets 


T  (exp . ) 

max  r 

J/k 

J/k  (susceptibility) 

CsMnCl3.2H20 

20-40  K 

3.3  K 

3.0  K 

CsMnBr3.2H20 

30-60 

4.5 

- 

(NMe4)MnCl3 

50-80 

6.7 

6.3 

kK 


Figure  3.  Polarized  absorption  spectra  of  (a)  Pt(CH.,NH2),lPtCl,l,  (b) 
Pt( CJI SNH ij^PtCl,,,  and  (c)  KtPtClh.  Dotted  lines  are  E  c,  full  lines 

Ec  (15). 
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dipole  length  of  lA  in  a  stack  of  molecules  separated  by  3.25A). 
On  the  other  hand,  if  the  parent  transition  is  polarized  within 
the  molecular  planes,  Davydov  splitting  of  its  neutral  excitons 
in  the  crystal  is  smaller  (actually  one  half  of  the  other  in 
the  point  dipole  approximation)  and  ionic  excitons  may  become 
observable.  An  example  here  is  the  work  of  Martin  and  his 
colleagues  on  PtenX2  (17,18) . 

One  way  of  verifying  that  'new'  electronic  transitions 
appearing  in  chain  compounds  with  polarizations  parallel  to  the 
stacks  are  actually  Davydov  components  of  transitions  which  take 
place  in  the  ultraviolet  in  the  isolated  units  is  to  determine 
how  their  energy  varies  as  one  changes  the  intermolecular  spacing 
in  the  stacks.  In  the  point  dipole  approximation  the  separation 
between  the  Davydov  components  is  proportional  to  |m|2/rj,  where 
M  is  the  transition  dipole  moment  and  R  the  distance  between 
the  centers  of  the  molecules  (19) .  A  particularly  favorable 
set  of  molecules  to  exemplify  this  expression  is  that  of  the 
tetracyano-platinites.  Many  salts  of  this  anion  contain  stacks 
of  Pt(CN)^-  with  their  planes  parallel,  though  with  changing 
cation  the  Pt-Pt  spacing  can  be  varied  from  3.13A  (Mg)  to  3.69A 
(Rb)  (20) .  Although  the  lowest  excited  state  of  Pt(CN)|“  in 
solution  lies  at  35,600  cm“l,  in  all  such  salts  there  is  an 
extremely  intense  absorption  band  in  the  visible  or  near 
ultraviolet,  polarized  entirely  along  the  direction  of  the 
stacks.  With  increasing  Pt-Pt  separation  the  band  moves  to 
higher  energy,  and  in  Figure  4  we  plot  its  energy  against  l/R^. 
Both  for  the  tetracyano-platinites  and  the  isomorphous 
tetracyanopalladites ,  which  are  included  on  the  same  plot,  there 
is  a  very  satisfactory  correlation  between  these  two  quantities. 
Furthermore,  extrapolating  the  two  straight  lines  of  Figure  4 
to  R  =  oo,  i.e.,  to  the  isolated  molecule,  we  find  energies  of 
44,800  cm~l  (Pt(CN)|-)  and  52,900  cm--*-  (Pt(CN)|-)  which,  bearing 
in  mind  that  the  aqueous  solution  spectra  of  the  ions  do  not 
strictly  represent  those  of  the  isolated  molecules,  is  well 
within  the  energy  range  of  the  z-polarized  allowed  transitions 
assigned  by  Mason  and  Gray  (21) . 

5.  Mixed  Valence  Metal  Chain  Compounds 

About  forty  elements  form  compounds  in  which,  to  satisfy 
the  observed  stoichiometry,  one  has  to  assign  different  oxidation 
numbers  to  different  metal  ions  of  the  same  element  in  the  same 
lattice.  These  so-called  'mixed  valence'  compounds  often  have 
properties  far  from  a  simple  superposition  of  those  we  would 
predict  for  each  of  the  oxidation  states  taken  separately.  In 
particular,  if  the  sites  occupied  by  the  metal  ions  of  differing 
valency  have  similar  coordination  numbers  and  ligand 
environments,  the  energy  needed  to  transfer  an  electron  from 
one  to  the  other,  i.e.,  to  interchange  the  valencies,  may  be 
very  low.  Indeed,  if  the  metal  ion  sites  in  the  lattice  of  our 
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mixed  valence  compound  all  turn  out  to  be  crystallographic ally 
identical,  then  one  may  have  a  non-integral  number  of  electrons 
at  each  site,  even  in  the  ground  state.  Searching  out  the  known 
mixed  valence  compounds  from  all  corners  of  the  Periodic  Table, 
and  correlating  their  properties  with  the  observed  structures, 
we  find  that  they  can  be  divided  into  three  broad  classes  (22) . 

If  the  ligand  fields  around  the  ions  of  differing  valence  are 
very  different,  ionized  excitons,  or  in  chemists'  language 
metal-to-metal  charge  transfer  states,  lie  a  long  way  above  the 
ground  state  whose  properties,  along  with  those  of  many  lower 
excited  states,  are  very  close  to  being  just  a  superposition  of 
the  properties  of  the  constituent  ions.  This  category,  called 
class  I_,  is  of  little  interest  here.  At  the  opposite  extreme, 
a  truly  non-integral  number  of  electrons  at  each  metal  ion  site, 
which  would  be  required  if  they  are  all  crystallographically 
identical,  can  only  be  achieved  in  a  metal  if  the  lattice  is 
continuous.  This  category  we  call  class  III.  Between  classes 
I  and  III  lies  a  continuous  spectrum  of  cases  (class  II)  in 
which  two  types  of  metal  ion  sites  can  be  distinguished  by 
crystallography,  but  in  which  ionized  excitons  lie  close  enough 
to  the  ground  state  that  they  contribute  to  the  optical  spectrum 
in  the  visible  or  even  the  near  infrared.  Some  of  the  ionized 
excitons  may  even  have  the  correct  symmetry  to  mix  with  the 
ground  state,  partly  smudging  out  the  formal  oxidation  numbers 
defined  by  counting  electrons  at  the  two  metal  ion  sites.  We 
will  now  examine  the  properties  of  the  known  mixed  valence  metal 
chain  compounds  in  the  light  of  this  simple  classification. 

Jus t  as  in  the  single  valence  chains,  we  distinguish  the  two 
cases  of  anion  bridging  and  directly  interacting  metal  ions. 

(a)  Anion  Bridged  Compounds.  All  the  anion  bridged  Pt  and 
Au  compounds  have  two  sets  of  crystallographically  distinct 
metal  ion  sites,  and  may  therefore  be  characterized  as  containing 
trapped  valences  in  their  ground  states,  (II, IV)  in  the  former 
and  (I, III)  in  the  latter.  X-ray  photoelectron  (XPS) 
spectroscopy  should  be  a  powerful  tool  for  deciding  whether 
different  partial  changes  must  be  assigned  to  the  ions  or  each 
type  of  site,  because  we  might  hope  to  see  core  ionizations  from 
each  type.  If  we  do  not  (assuming  that  the  reason  is  not  simply 
the  poor  resolution  of  the  technique),  then  the  partial  charges 
are  equal  or,  said  another  way,  the  electrons  are  exchanging 
between  the  sites  more  rapidly  than  the  time  taken  for  the  core 
electron  to  be  ejected.  Figure  5  shows  some  XPS  spectra  of  Pt 
chain  compounds  in  the  4f  region  (23) ,  including  the  mixed 
valence  PtenClj  (en:  ethylenediamine) .  Crystallographically, 
the  latter  can  be  thought  of  as  made  up  of  alternating  square 
planar  Pt^enC^  and  octahedral  Pt^enCl^  molecules.  Comparison 
between  the  spectra  of  PtenCl3  and  its  separated  constituent 
molecules  is  made  more  difficult  by  the  ease  with  which  PtenCl^ 
and  PtenClj  reduce  in  the  X-ray  beam.  However,  by  carefully 
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Figure  4.  Variation  in  energy  of  the 
lowest  intense  transition  in  solid  pal- 
ladocyanides  and  platinocyanide 
salts  with  intermetallic  spacing 


.020  .024  .028  .032 


Figure  5.  XPS  spectra  of  Ft  chain 
compounds  in  the  Ft  4f  region,  (a) 
PtenCli,,  (b)  PtenCl.,,  (c)  PtenCl2 
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following  the  spectra  of  these  two  compounds  as  a  function  of 
irradiation  time  one  finds  that  the  PtenClj  spectrum  is  indeed 
close  to  a  superposition  of  those  of  PtenClo  and  PtenCl/  (Figure 
6). 

However,  the  same  cannot  be  said  of  the  optical  properties, 
for  in  addition  to  weak  absorption  bands,  polarized  perpendicular 
to  the  chains,  which  do  identify  closely  with  locally  excited 
ligand  from  transitions  of  the  constituents,  PtenCl3  and  other 
similar  salts  all  have  Intense  absorption  across  most  of  the 
visible,  polarized  entirely  parallel  to  the  chains  (24) .  This 
we  assign  as  due  to  metal  to  metal  charge  transfer,  i.e.,  to 
ionized  exciton  states,  and  the  compounds  belong  to  class  II 
defined  above.  Because  the  valences  in  the  ground  state  are 
trapped,  though,  the  crystals  are  semiconducting  rather  than 
metallic . 

(b)  Directly  Interacting  Metal  Ions.  In  the  single  valence 
chains  when  the  metal  ions  were  brought  close  enough  together 
to  interact  directly,  instead  of  through  a  bridging  group,  large 
Davydov  shifts  of  the  neutral  exciton  states  showed  that  the 
metal-metal  interaction  was  very  much  Increased.  A  comparable 
effect  on  the  ionized  exciton  states  of  a  mixed  valence  chain 
might  bring  them  close  enough  to  the  ground  state  for  the  system 
to  find  itself  on  the  other  side  of  a  Mott  transition,  and  to 
have  a  conducting  ground  state  in  which  the  electron  states  were 
truly  collective.  This  is  the  background  to  the  recent  interest 
in  compounds  like  K2Pt (CN) ^Brg . 3o3H20 (KCP)  (25) .  At  first  sight 
it  has  all  the  characteristics  expected  of  a  class  III  mixed 
valency  compound:  despite  the  non- integral  oxidation  number, 
all  the  Pt  atoms  appear  to  occupy  crystallographically  equivalent 
sites;  with  the  incident  electric  vector  parallel  to  the  chains 
it  is  opaque  throughout  the  visible  and  infrared  down  to  very 
low  frequencies,  and  has  a  plasma  edge  in  the  reflectivity  in 
the  visible;  at  room  temperature  it  is  a  metallic  conductor. 
Unfortunately,  if  more  interestingly,  however,  there  are  some 
features  which  complicate  such  a  simple  view.  At  low 
temperature,  the  compound  is  not  metallic,  but  semiconducting. 
There  is  also  evidence  of  a  tendency  for  the  Pt  atoms  to  become 
inequivalent  as  a  result  of  long  wavelength  acoustic  phonon 
Instabilities.  If  such  an  instability,  which  showed  up  by 
inelastic  neutron  scattering  as  a  Kohn  anomaly  in  the  acoustic 
phonon  dispersion  became  locked  in  as  a  static  distortion,  it 
would  provide  enough  reason  for  the  energy  gap  at  low 
temperature.  A  crucial  experiment  would  therefore  be  to  examine 
the  crystal  structure  at  liquid  helium  temperature. 

We  recently  collected  X-ray  diffraction  data  from  a  single 
crystal  of  KCP  at  room  temperature,  77°  and  4.2<>K  (26).  The 
arrangement  of  the  diffractometer  and  cryostat  required  one  to 
concentrate  on  one  crystal  axis  at  a  time,  and  we  chose  the 
(0,0, A).  Within  that  limitation  we  found  no  sign  of  Bragg  peaks 
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Pt  4f 


5/2, 7/2 


Figure  6.  XPS  spectrum  of  PtenCl3  in  the  Pt 
4f  region  after  surface  cleaning 


In  Extended  Interactions  between  Metal  Ions;  Interrante,  L.: 

ACS  Symposium  Series;  American  Chemical  Society:  Washington,  DC,  1974. 


252 


EXTENDED  INTERACTIONS  BETWEEN  METAL  IONS 


corresponding  to  'locking  in'  a  Peierls  distortion  at  the  repeat 
distance  (6.67  times  the  Pt-Pt  spacing)  suggested  by  the  neutron 
scattering  results.  What  we  did  find,  however,  is  a  set  of 
seven  peaks  Indexing  as  (0,0,e),  where  e  *=  n /t,.  The  peaks  with 
n  odd  are  weaker  than  those  with  n  even,  and  a  least  squares 
fit  to  the  Bragg  angles  of  those  with  n  =  1,2,3,4,6,8,10  yields 
a  value  for  Z  of  8.97.  A  key  observation  is  that  the  peaks  are 
present  at  room  temperature  as  well  as  at  4.2°K,  and  that  they 
do  not  vary  in  any  discontinuous  way  as  the  temperature  is 
lowered.  They  must  therefore  result  from  some  superlattice 
ordering  which  has  not  previously  been  detected.  Our  present 
view  is  that  the  superlattice  is  probably  connected  with  ordering 
among  the  bromide  ions,  supposed  in  the  original  crystal 
structure  determination  to  be  randomly  distributed  on  three 
fifths  of  the  available  sites  within  channels  between  the  stacks 
of  Pt(CN)^  groups.  From  analogies  with  other  'tunnel'  compounds, 
such  as  the  hexagonal  tungsten  bronzes,  we  believe  a  random 
distribution  of  anions  is  a_  priori  unlikely,  a  view  reinforced 
by  the  very  narrow  composition  range  which  KCP  exhibits.  Since 
it  has  become  such  an  important  model  compound  for 
one-dimensional  metallic  behavior  the  subtler  details  of  its 
structure  obviously  deserve  the  closest  attention. 
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Evidence  for  Extended  Interactions  between  Metal 
Atoms  from  Electronic  Spectra  of  Crystals  with 
Square  Complexes 

DON  S.  MARTIN,  JR. 

Ames  Laboratory  of  the  U.S.A.E.C.,  Iowa  State  University,  Ames,  Iowa  50010 
Abstract 


Frequently,  the  square-planar  molecular  or  ionic  complexes  of 
platinum(ll)  or  pa  1  lad i um( 1 1 )  in  crystals  are  aligned  directly 
over  one  another  in  one  dimensional  stacks.  The  electronic  ab¬ 
sorption  spectra  of  the  crystals  for  polarized  light  in  favorable 
circumstances  provide  information  about  the  crystal  interactions 
and  possible  intermolecular  electron  transfers  in  the  solid  state 
For  crystals  with  large  metal-metal  separations,  >4.lH,  the  d-d 
spectra  correlate  closely  in  energies  and  intensities  with  solu¬ 
tion  spectra.  The  spectra  of  crystals  with  Pt8Br68-  ions^ indi¬ 
cate  metal-metal  electron  transfer  between  metals  at  3.55A,  al¬ 
though  the  transfer  may  be  influenced  by  the  bromide  bridges. 

For  Magnus'  green  salt  the  spectral  changes  of  PtCl43-  are  con¬ 
sistent  with  large  energy  shifts  of  Frenkel  excitons  by  crystal 
effects.  However,  for  some  molecular  complexes  with  separations 
of  3.4-3.5A,  electron  transfers  to  ionic  exciton  states  occur. 

I ntroduct i on 


The  electronic  absorption  spectra  have  been  measured  recently 
for  single  crystals  of  a  number  of  ionic  or  molecular  square 
planar  complexes  of  plat inum( 1 1 ) .  Frequently,  such  complexes 
stack  face  to  face  in  linear  arrays  in  crystals  to  provide  strong 
anisotropies  in  the  absorption  of  polarized  light  and  in  the 
electrical  conductivities.  Our  concern  here  will  be  for  the  ev¬ 
idence  of  transfer  of  electrons  between  the  platinum  atoms.  If 
such  electron  transfer  transitions  can  be  identified,  their  wave 
lengths  provide  directly  the  energy  required  for  the  transfer. 

Our  work  to  the  present  has  been  restricted  to  the  complexes  with 
halide  and  amine  ligands. 

The  absorption  bands  for  the  platinum  complexes  at  room  tem¬ 
perature  are  rather  broad;  half-widths  of  approximately  2,000cm 
are  common  at  300°K.  A  transition  band_is  normally  characterized 
by  the  wave  length,  X.,  or  wave  number,  v,  of  the  maximum,  by  the 
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intensity,  e^x,  molar  absorptivity  at  the  maximum  or  as  the 
oscillator  strength:  f  =  4.32  x  10-9  Je  dv  and  by  the  temperature 
dependence  of  the  intensity.  For  single  crystals  there  is  a  limit 
upon  the  intensity  imposed  by  the  practical  lower  limits  of  crys¬ 
tal  thickness,  which  has  been  extended  down  to  1  — 20p. .  Thus,  the 
studies  are  limited  to  bands  with  e  less  than  1,000-2,000  cm_1M_1. 
These  are  the  normally  forbidden  transitions.  Hence,  the  allowed 
transitions  are  not  characterized  by  crystal  absorption  spectros¬ 
copy  except  in  their  absence. 

The  temperature  dependence  of  intensity  is  an  especially 
powerful  diagnostic  property.  For  the  d«-d  transitions,  for  exam¬ 
ple,  which  are  symmetry  forbidden,  an  asymmetric  vibration  may 
serve  as  a  perturbation  to  give  a  vibronic  wave  function  into 
which  is  mixed  an  asymmetric  electronic  wave  function.  Thus  the 
transitions  may  obtain  a  non-zero  transition  moment  and  observ¬ 
able  intensity.  Since  the  average  amplitude  of  the  vibration, 
which  serves  as  the  perturbation,  decreases  at  lower  temperatures, 
there  is  normally  a  decrease  in  intensity.  £or  a  band,  excited 
vibronic ly  by  a  vibration  of  wave  number,  Vj ,  the  intensity 
dependence  (1_)  is  given  by  the  equation: 

f(T)  =  f(0°K)  coth(hV{/2kT).  (1) 

However,  for  a  band  with  a  non-zero  transition  dipole,  since  the 
integrated  intensity  is  not  temperature  dependent,  the  peak 
height.Gfngx,  will  increase  as  the  band  narrows  at  lower  tempera¬ 
ture. 

For  the  halide  and  amine-halide  complexes  of  platinum(ll) 
the  crystal  spectra  have  indicated  the  one-electron  orbital 
ordering  in  Figure  1,  which  applies  to  the  tetragonal  symmetry 
D4J1  •  The  lowest  unoccupied  orbital  is  the  a"  orbital  based  on 
the  dx3_ys  with  bx g  symmetry.  With  the  other  d-oribtals  filled, 
the  ground  state  will  be  a  1Aig;  and  d-d  transitions  to  the 
singlet  and  triplet  states  of  A3g,  Eg  and  Big  respectively  should 
occur,  the  triplet  states  lying  below  the  corresponding  singlets. 
With  the  high  spin-orbit  coupling  of  a  heavy  Pt-atom  the  spin 
designations  are  not  exact,  and  the  states  must  be  described  by 
the  double  symmetry  group,  in  this  case  D4 .  Interactions  along 
a  stack  of  square  planar  ions  will  normally  involve  the  dzs 
orbital,  which  possesses  sigma  character  about  the  stacking  axis. 
For  complexes  with  low  energy  rr  acceptor  orbitals  such  as  cyanide 
and  oxalate,  the  dzS  orbital  may  be  much  higher,  and  indeed  has 
been  considered  by  Schatz  and  coworkers  (2)  to  be  the  highest 
filled  orbital  for  Pt(CN),t3”.  Even  in  the  ha]ide  complexes  the 
assignment  of  the  transition  to  1Big  state  (a  <-dzs)  is  somewhat 
open  to  question  since  the  assigned  band  is  surprisingly  weak. 
Below  the  d  orbitals  in  Figure  1  are  shown  the  orbitals  derived 
from  tt  and  a  orbitals  on  the  1 igands.  Only  the  odd  orbitals  are 
designated  for  these  can  provide  intense  Pt(a“)g‘-Ly  transitions. 

A  possible  alternative  assignment  of  intense  transitions  may 
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be  6pz<-5 d,  for  the  6pz  orbital  is  the  second  lowest  unfilled 
orbital. 

Fully  allowed  molecular  transitions  in  D4h  must  be  1Aau  (2- 
polarization)  or  1EU  (x,^  polarization) .  All  other  transitions 
are  seen  as  a  consequence  of  vibronic  and  spin-orbit  perturbations, 
which  mix  these  states  into  the  wave  functions.  In  a  considera¬ 
tion  of  all  the  vibrations  of  an  ion  such  as  PtBr4  “  it  is  found 
that  the  1A2g  state  is  vibronicly,  forbidden  in  z-polarization 
but  allowed  in  x,£.  The  1E  and  1Big  transitions  are  allowed  in 
the  three  polarizations  x,^9and  z.  Since  the  singlet  spin  func¬ 
tions  have  the  symmetry,  Ai ,  and  triplets  are  and  Ei  in  the 
double  group,  Dl ,  the  triplet  state  selection  rules  are  different 
from  those  of  the  singlet  states. 

For  crystalline  states  in  which  extended  interactions  are 
small,  there  is  negligible  overlap  between  orbitals  on  different 
complexes,  and  electrons  are  local lized.  Excitations  are  not 
local lized,  however,  and  other  members  of  the  crystal  influence 
transition  energies.  In  such  cases  the  theory  of  Frenkel  type 
excitons  for  molecular  crystals  can  apply.  The  crystal  ground 
state  wave  function  will  have  the  form 

$°  =  <Pi°<p2° . <0N°  (2) 

where  (p°  is  the  ground  state  molecular  wave  func¬ 
tion  and  the  product  is  over  the  N  molecules 
in  the  crystal. 

A  wave  function  for  a  state  in  which  the  i-th  molecule  of  the 
p-th  unit  cell  is  excited  is: 

^\p  ~  11  *  *  **  ,P  - ^h.N/h’  ^ 

where  there  are  h  molecules  per  unit  cell. 

The  crystal  states  will  constitute  a  band  of  functions: 

i'  =  (N/h)”J  S  exp(ik-r  )  0.'  ,  (4) 

K  p  ~p  I  p 

where  k  is  the  wave  vector. 

However,  for  the  absorption  of  light  the  selection  rule  applies: 
§°-*$o  >  J_.£.  only  the  transition  to  k  =  0  is  allowed.  For  the 
case  of  only  one  molecule  per  unit  cell,  the  transition  energy  is 
given  by  (3) : 

v  =  \P  +  D 1  +  1 1  (5) 

where  v°  is  the  energy  for  the  free  ion. 

D1  is  the  difference  in  van  der  Waals  energy  between  the  excited 
molecule  and  the  ground  state  molecule.  This  term  is  frequently 
not  well  characterized  but  is  intensity  independent.  The  l1  term 
has  received  extensive  investigation  since  such  terms  provide  the 
Davydov  splitting  of  states.  1'  contains  a  sum  of  interaction 
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terms,  SI  .  Frequently,  these  terms  are  taken  as  the  inter¬ 
action  Bf  transition  dipoles  on  the  two  atoms,  m  and  ji,  with  form. 

1  =  R-3  e3  (x'x1  +  y'y1  -  2z'z'  )  (6) 

mn  mn  '  m  n  nm  n  m  ' 

where  Rmn  is  the  separation  of  the  molecules  m 

and  n,  ex^  is  the  x  component  of  the  trans¬ 
ition  dipole  on  the  m-th  molecule,  etc. 
x1  ,  x1  and  y1 ,  y1  are  directed  along  sets  of  parallel  axes  on  the 
two  molecules  an3  the  z  direction  is  along  the  axis  of  centers  of 
the  transition  dipoles.  For  a  linear  stack  of  molecules  separated 
by  3.4a  and  with  a  transition  moment  of  lA  in  the  z  or  stacking 
direction  the  lmn  terms  of  the  two  adjacent  molecules  in  the 
stack  provide  a  red  shift  of  12,000  cm  1 .  A  similar  value  for  an 
x  or  |  transition  moment  will  give  a  shift  to  shorter  wave  length 
of  6,000  cm-1.  Hence  in  such  stacks,  rather  large  changes  in  the 
transition  energies  can  occur  which  are  proportional  to  the  in¬ 
tensity,  even  with  no  electron  delocalization. 


KaPtBr4  and  fePtCU :  Minimum  Extended  Interactions 

K3PtBr4  possesses  the  K2PtCl4  structure  shown  in  Figure  2 
with  a  =  7 . 35 A  and  c  =  4.331.  The  Pt-Br  bond  length  is  2.45 1. 

The  PtBr42 “  ions  stack  directly  over  one  another.  They  are 
separated  by  the  K+  ions  and  are  at  the  relatively  large  distance 
of  4. 33 A  from  one  another  so  interactions  are  small.  The  absorp¬ 
tion  with  light  polarized  in  the  c-d i rect ion  provides  the  ionic 
z-polarization  whereas  the  polarization  normal  to  c,  (a) , 

provides  the  ionic  x, ^-polarization.  This  is  therefore  an  ideal 
crystalline  system  to  study,  for  the  ion  occupies  a  site  of  full 
D4h  symmetry  so  that  the  situation  is  not  compromised  by  a  lower 
site  symmetry. 

The  crystal  spectra  for  K3PtBr4  are  shown  in  Figure  3.  The 
bands  at  energies  below  29,000  cm  1  are  then  the  d«-d  transitions. 
The  large  decrease  in  intensity  at  15°K  is  characteristic  of 
vibronic  excitations.  The_l  ocat ions  of  the  maxima  in  this  region 
correspond  closely  to  the  v's  reported  for  solution  spectra  of 
PtBr43"  (4,5)  so  apparently  the  D1  and  I'  terms  of  equation  5 
match  closely  the  solution  effects.  For  ^-polarization  there  is 
a  shoulder  at  300°K  which  is  resolved  as  a  peak  with  vibrational 
structure  at  24,000  cm-1  in  the  15°K  spectrum.  This  band  is 
completely  absent  in  the  c-polar i zat ion ,  and  it  can  therefore  be 
assigned  unambigously  as  TA3g.  The  band  in  both  polarizations  at 
27,000  cm”1  is  assigned  as  1Eg  from  analogy  to  the  PtCI43  spec¬ 
trum  where  an  A-term  in  the  MOD  spectrum  is  clearly  discernable 
(6,2).  The  shoulder  and  peak  in  each  polarization  at  ca.  17,000 
and  19,000  cm”1  are  presumably  components  of  3A3g  and  ^Tg.  The 
shoulder  at  22,700  cm"1  with  vibrational  structure,  which  is 
apparent  in  ^-polarization  and  also  is  very  faint  i n  c-polarization, 
is  assigned  as  the  3Blg((j**-dz3) .  With  this  assignment  of  the 
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Figure  1.  Molecular  orbital  scheme  for  plati- 
numfll)  complex  under  D4h  symmetry  as  in 
PtClf2'  or  PtBr ,2'.  Only  the  p  orbitals  of  the 
halides  are  included,  and  g erode  orbitals  aris¬ 
ing  from  ligand  tt  and  a  orbitals  are  omitted. 
On  the  right  are  excited  symmetry  states  aris¬ 
ing  from  d  <—  d  transitions  from  the  'A,* 
ground  state.  Both  singlet  and  triplet  states 
will  occur  for  each  indicated  symmetry  State- 


Figure  2.  Unit  cell  for  the  tetragonal 
KgPtCL,  structure.  K  ions  are  at  z  = 
V2 ;  others  at  z  =  0. 
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triplet  state  the  1B1g  state  is  expected  to  lie  at  some  9,0ftd 
12,000  cm-1  higher  energy.  Consequently,  the  transition  seen  at 
33,800  cm  1  in  c-polarization  is  assigned  to  this  1Big  transition. 
However,  the  intensity  of  this  transition  appears  uncomfortably 
small  for  this  assignment.  It  is  hardly  more  intense  then  the 
spin-forbidden  transitions  despite  its  greater  proximity  to  the 
strong  bands  from  which  intensity  is  borrowed,  and  the  assignment 
clearly  is  subject  to  question. 

There  is  a  close  correspondence  between  the  d*-d  spectra  of 
KgPtBr4  and  K3PtCl4  which  is  clear  from  Figure  4  where  the 
energies  of  the  transitions  are  compared.  The  transition  intensi¬ 
ties  are  indicated  by  the  length  of  lines  designating  the  states, 
which  for  the  crystals  are  proportional  to  log  emax  at  15°K.  It 
can  be  seen  that  each  d—d  transition  in  K2PtBr4  falls  1,500-2,200 
cm  1  below  a  corresponding  transition  in  KsPtCU.  In  addition, 
the  vibrational  structure  is  observed  at  15°K  on  corresponding 
transitions.  However,  the  intense  bands  of  the  two  anions  are 
quite  different.  First  of  all,  the  solution  spectrum  PtBr42"  has 
a  band  at  31,500  cm"1,  e  -  600  cm-1M_1.  Since  the  crystal  spectra 
for  both  polarizations  have  a  deep  valley  at  29,000  cm”1,  this 
band  is  presently  assigned  to  a  solution  species  other  than 
PtBr42",  probably  Pt2Br62“.  The  solution  does  exhibit  strong 
bands  at  34,200  and  37,200  cm"1  with  e^x  of  3,000  and  8,500  cm”1 
M  1  respectively.  The  c-polarized  crystal  spectrum,  which  can  be 
recorded  to  37,000  cm"1,  requires  that  both  these  transitions  be 
polarized  x,^.  The  present  assignment  attributes  them  to  singlet 
and  triplet  states  of  the  same  irreducible  representation  in  D4 , 
viz.  Ejg,  with  nearly  the  same  energy  which  mix,  are  split  and 
share  intensity.  The  separation  of  3,000  cm"1  for  these  are 
consistent  with  the  expected  spin-orbit  coupling  for  the  Pt  ion. 
The  singlet  state  is  probably  the  1EU  arising  from 
According  to  Jorgensen  (8),  the  1EU  transition  gains  intensity  by 
mixing  of  tt  and  a  character  in  the  eu  ligand  orbitals..  There 
should  be  a  1Asu  state  corresponding  to  M(ct*)«-L  at  roughly  this 
energy.  However,  it  arises  from  a* (bj. g)*-b3 u.  Since  b2u  is  pure 
tt  in  character,  the  transition  should  be,  according  to  Jorgensen, 
much  weaker.  It  may  lie  just  above  37,000  cm"1.  However,  there 
can  not  be  a  strong  1Asu  transition  below  48,000  cm”1.  With 
PtC I42  ”  the  MOD  studies  of  Schatz  and  coworkers  (_7)  show  that  a 
shoulder  at  43,000  cm"1  is  1EU  whereas  an  intense  peak  at  46,000 
cm-1  must  be  1Asu.  The  difference  between  PtCU2"  and  PtBr42" 
suggests  that  the  intense  transitions  in  PtCU2-  are  primarily 
6p<^-5d.  The  xA2u  state  would  correspond  to  6pz*-5dz2  . 

The  very  weak  peak  at  c£.  30,500  cm"1  seen  in  both  polari¬ 
zations  deserves  some  comment.  In  c-polarization,  at  least,  it 
seems  that  a  vibronicly  excited  transition  would  be  apparent  in 
the  300°K  spectrum.  Even  though  the  absorption  is  rising  rapidly 
in  this  region,  it  can  not  be  discerned  at  all.  It  appears  there¬ 
fore  to  have  a  small  but  non-zero  transition  dipol^  and  it  is 
assigned  as  3EU.  The  transition  to  this  state  is  dipole-allowed 
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Figure  4.  Excited  states  for  K^PtBr,,  and 
KjPtCl,.  Length  of  the  line  for  each  state  is 
proportional  to  log  e,„„w  (15° K)  for  the  crystal 
transitions  and  log  e,„„,  (soln)  for  the  intense 
transitions. 
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by  virtue  of  the  spin-orbit  coupling  in  both  polarizations. 

Magnus 1  Green  Salt.  Pt(NH3)4PtCl4. 

It  has  long  been  recognized  that  there  must  be  strong  crys¬ 
tal  effects  on  the  spectra  in  Magnus'  green  salt  (MGS), 
Pt(NH3)4PtCI4.  The  component  cation,  Pt(NH3)42+,  is  colorless  in 
aqueous  solution  or  halide  salts  whereas  the  anion,  PtCl42”,  is 
red.  As  the  name  implies  the  MGS  is  a  dark  green,  very  insoluble 
salt.  It  possesses  a  tetragonal  crystal  structure  (9)  with  two 
of  each  ion  per  unit  cell.  There  are  stacks  of  alternating  ions 
which  are  illustrated  in  Figure  5  with  a  spacing  of  3.24a  between 
the  anions  and  cations  in  the  chains.  The  polarized  crystal  speo- 
tra  are  presented  in  Figure  6.  The  crystals  are  highly  dichroic. 

A  crystal  which  appears  dark  green  in  c-polarization  is  pale  yel¬ 
low  in  ^-polarization.  At  all  wave  lengths  the  absorption  is 
much  higher  in  the  £-pol ar i zat ion  than  in  the  a.  The  green  color 
results  from  a  window  at  about  20,000  cm-1.  The  waves  in  the 
recording  at  low  absorbance  are  due  to  interference  by  multiply 
reflected  light  (10).  Although  the  instrumentation  did  not  per¬ 
mit  measurements  below  17,000  cm"1,  it  is  clear  that  the  low 
energy  band  in  c-polarization  is  vibronic  in  character.  At 
higher  energies  the  absorption  increases  beyond  an  e  of  700  cm”1 
M”1 ,  the  limit  of  the  measurements.  In  £-polar izat ion  the  spec¬ 
trum  is  dominated  by  a  single  peak  at  about  25,000  cm"1,  although 
there  is  a  shoulder  at  23,000  cm-1  and  a  weak  spin-forbidden  band 
below  17,000  cm  1 .  The  wave  numbers  of  the  three  peaks  in  KaPtCl4 
solution  are  shown  by  the  3  arrows  in  Figure  6.  It  is  concluded 
that  the  spin-forbidden  peak  of  PtCl42”  has  been  red-shifted  by 
about  4,000  cm  1  in  MGS.  The  1Asq  transition  and  the  1Eg  trans¬ 
itions  have  coalesced  to  the  single  peak  at  about  25,000  cm”1. 

This  corresponds  to  a  red  shift  of  not  more  than  1,000  cm-1  for 
the  1Asg  state  and  about  4000-5000  cm”1  for  the  1Eg  state.  The 
relative  shift  of  these  transitions  is  attributable  to  the  D1 
term  of  equation  5.  The  angular  dependence  of  the  d  orbitals  in¬ 
volved  is  shown  in  Figure  7.  Thus,  for  the  transition  to  the  1A3g 
state,  u''(dX2_y8),-dXy,  both  orbitals  are  concentrated  in  the 
plane  of  the  ion  and  their  electrons  suffer  similar  interactions 
with  the  electron  clouds  of  the  adj'acent  ions.  For  the  dyZ 
orbital,  however,  there  is  a  considerable  electron  density  out  of 
the  plane  of  the  ion.  The  energy  of  the  electron  in  this  orbital 
is  therefore  raised  by  the  electron-electron  repulsions,  and  a 
red  shift  for  the  transition  occurs. 

The  high  absorption  in  the  ^-polarization  is  clarified  from 
diffuse  reflectance  spectra  for  K2PtCl4  and  MGS  which  are  shown 
in  Figure  8.  It  can  be  seen  that  the  maximum,  which  correspond 
to  a  very  intense  transition,  has  been  shifted  from  c£.  44,000 
cm”1  in  K3PtCl4  to  35,000  cm”1  in  MGS.  This  band  is  apparently 
in  the  c-polarization.  Such  a  large  red  shift  must  be  largely 
caused  by  the  I1  term  of  equation  5.  It  would  require  strong 


In  Extended  Interactions  between  Metal  Ions;  Interrante,  L.; 

ACS  Symposium  Series;  American  Chemical  Society:  Washington,  DC,  1974. 


€  (cm"' 


262 


EXTENDED  INTERACTIONS  BETWEEN  METAL  IONS 


Figure  5.  Alternate  stacking  of  ions  in 
Magnus’  green  salt 


Figure  6.  Polarized  crystal  absorption  spec¬ 
trum  for  Magnus’  green  salt 
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Figure  7.  Angular  portions  of  d -orbitals  involved  in  spec¬ 
tral  transitions  of  MGS 


Figure  8.  Diffuse  reflectance  spectra  for  MGS 
and  KiPtClj  at  300°K 
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transitions  of  comparable  energy  in  both  PtCl42-  and  Pt(NH3)42+. 
This  is  the  allowed  transition  from  which  the  vibronic  excitations 
in  £-polarization  borrow  i ntens i ty,  and  the  proximity  of  this  band 
enhances  their  intensity  by  about  an  order  of  magnitude. 

The  spectra  of  MGS  therefore  indicate  that  the  striking  color 
changes  result  from  crystal  interactions,  primarily  with  adjacent 
neighbors,  which  modify  the  molecular  transitions  but  without  de- 
localization  of  electrons. 

Pt3Br62~  Spectra 

A  dimer  complex  provides  an  opportunity  for  the  demonstra¬ 
tion  of  electron  delocalization  on  a  limited  scale  by  absorption 
spectroscopy.  The  dimeric  anion  crystallizes  in  the  tetraethyl- 
ammonium  salt  which  is  triclinic  with  a  micaceous  cleavage  for 
which  the  structure  was  reported  by  Stevenson  (11).  The  projec¬ 
tion  of  dimeric  ion  on  the  cleavage  face  is  shown  in  Figure  9. 
There  is  one  anion^per  unit  cell.  The  platinum  atoms  in  a  dimer 
are  separated  3.55A,  and  the  anions  are  separated  7.61  from  their 
nearest  neighbors  by  the  bulky  cations.  The  light  beam  therefore 
enters  dimer  anion  nearly  end  on.  The  molecular  axes  of  heavy 
anion  apparently  establish  the  axes  of  the  indicatrix,  so  there 
is  very  little  directional  change  of  these  axes  with  wave  length. 
One  extinction  for  crystals  was  aligned,  as  accurately  as  could 
be  determined,  with  the  projection  of  the  y  molecular  axis  upon 
the  crystal  face  over  the  entire  wave  lengtfh  region  which  was 
studied.  The  absorption  in  this  extinction  direction  gave  a  very 
clean  intermediate  axis  or  ^-polarization.  The  other  extinction 
provided  primarily  the  short  axis  or  x-polarization.  Preliminary 
spectra  are  shown  in  Figure  10.  The  absorption  in  jr-polarization 
is  much  higher  than  in  the  x-polarization.  Thus,  at  room  tempera¬ 
ture  there  is  a  peak  in  ^  polarization  at  23,500  cm-*  very  close 
to  the  24,000  cm-1  first  spin-allowed  transition  in  K2PtBr4. 
However,  the  for  the  band  at  this  V  in  K2PtBr4  was  only  ca. 

100  cm  1 M  1.  In  the  Pt2Bre2-  salt  it  was  800  cm"1/M(Pt2Br62"7T 
But  when  the  crystal  was  cooled,  the  peak  height  increased  to 
1600  cm  1/M,  which  indicated  that  the  transition  was  dipole- 
allowed  rather  than  vibronic.  In  the  x-polarization  there  was 
not  much  indicated  structure  in  the  spectrum  but  the  absorption 
increased  as  v  increased.  A  peak  at  36,500  cm-1  occurs  just 
where  the  M|-L  charge  transfer  band  occurs  in  PtBr4a“  solution. 

This  may  be  then  an  x-polarization  or  out-of -plane  M*-L  which  ap¬ 
parently  is  very  weak  in  PtBr42~  as  well.  At  15°K,  band  maxima 
at  29,000  cm  1  and  32,000  cm  1  are  seen  as  well,  and  there  is  a 
shoulder  at  26,000  cm-1. 

In  consideration  of  this  spectrum  each  platinum  atom  can  be 
considered  to  bring  into  the  dimer  its  complement  of  five  5d- 
orbitals.  Molecular  orbitals  for  the  dimer  are  constructed  by 
taking  the  sum  or  difference  of  corresponding  d-orbitals  on  dif¬ 
ferent  platinum  atoms.  With  the  choice  of  axes  the  a"  orbitals 
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[N(C2H5)4]JPt2Br6] 
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Figure  10.  Polarized  crystal  absorption  spectrum  for  [N(CtH5)^']i[PttBr6'] 
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are  formed  from  the  platinum  d  ‘s,  and  the  orbitals  with  tt- 
character  located  in  the  molecular  plane  are  the  dyS_zS's.  The 
two  linear  combinations  for  these  atoms  with  their  symmetry 
designation  under  Dsh  are  shown  in  Figure  11.  This  figure  also 
shows  the  LC  of  ligand  orbitals  with  the  same  symmetry  as  the  LC 
of  platinum  orbitals  and  which  contribute  to  the  a  and  tt  bonds. 
Thus  there  are  two  filled  orbitals  and  two  empty  orbitals  and  a 
possibility  of  4  transitions.  If  the  platinum  atoms  were  essen¬ 
tially  isolated  and  the  orbitals  were  of  pure  d-character,  then 
only  a  single  spectral  band  with  vibronic  character  is  expected. 
However,  each  pair  of  the  filled  and  empty  M.O.'s  contains  a  £ 
and  a  u  state.  Therefore  two  of  the  four  excited  states  will 
have  u  character  and  two  will  have  £  character.  As  indicated  in 
Figure  11,  both  ungerade  excited  states  have  Bsu  symmetry  and 
should  have  dipole-allowed  character  in  the  ^-polar ization,  for 
which  the  intensities  will  depend  somewhat  upon  the  degree  of 
overlap  of  the  d  orbitals.  However,  the  intensities  may  be  modi¬ 
fied  by  the  bridging  ligand  orbital  as  well.  The  high  intensity 
and  dipole  character  of  the  band  in  ^-polarization  indicates  that 
there  is  electron  delocalization  in  the  transition.  The  investi¬ 
gation  of  this  system  is  continuing. 

Pt(en)Cla  and  Pt(en)Bra .  Transitions  to  Ionic  States 

For  the  molecular  crystals  of  the  two  compounds,  Pt(en)Cla 
and  Pt(en)Brs,  where  en  is  ethylenediamine,  there  is  now  evidence 
for  electronic  transitions  in  which  electrons  are  transferred 
from  one  molecule  to  an  adjacent  molecule  (12,13).  The  excited 
state  for  such  a  transition  is  therefore  a  bound  ionic  exciton 
state.  In  both  crystals,  which  are  orthorhombic,  the  molecules 
stack  face  to  form  one-dimensional  chains  as  shown  in  Figure  12. 
The  chelating  group  in  adjacent  molecules  lie  on  alternate  sides 
so  there  are  two  molecules  in  a  primative  cell.  However,  the 
corresponding  molecular  axes  of  the  non-equivalent  molecules  are 
parallel.  Under  such  conditions  the  transition  probability  to 
one  of  the  two  Davydov  states  for  each  transition  will  be  exactly 
zero,  and  only  one  crystal  transition  is  observable  for  each 
molecular  transition.  The  molecular  symmetry  is  C2 .  However  the 
local  symmetry  at  the  Pt  is  CsV  and  the  molecular  symmetry 
deviates  from  this  only  by  the  puckering  of  the  chelate  ring.  It 
is  likely  that  the  selection  rules  are  established  by  the  Cgv 
symmetry.  The  choice  of  axes  is  shown  in  Figure  12.  The  x,jf 
and  z  molecular  axes  are  aligned  with  the  orthorhombic  £,  t>,  and 
c  axes,  respectively.  Spectroscopic  quality  crystals  grew  with 
well  developed  100  faces  so  absorptions  for  £  and  b^  polarizations 
were  measurable  to  provide  the  molecular  and  ^  polarizations 
respectively.  The  symmetry  of  the  d-orbitals  are  shown  in  Figure 
13.  Under  the  choice  of  axes  the  dXy  orbital  is  a  part  of  the 
ct*-M0.  The  Cav  symmetry  splits  the  Eg  degeneracy  of  D4h  and  f°ur 
distinct  d»-d  transitions  are  possible.  Since  CsV  does  not  contain 
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Figure  11.  Symmetry  adapted  LCACfs  for  the  d5I 
and  the  dy< .  ,>  orbitals  upon  the  two  platinum  atoms  of 
PteBrc‘~.  LCAO’s  of  ligand  orbitals  also  shown.  Alge¬ 
braic  sign  of  the  LC  is  in  parenthesis;  also  given  is  the 
orbital  symmetry  under  Dg[J.  Excited  states  for  the 
two  indicated  d  <—  d  transitions  are  both  Biu,  and  both 
transitions  are  dipole  allowed  in  y-polarization. 


Figure  12.  Stacking  of  the  molecules  in 
Pt(en)Cla  crystals 


267 


In  Extended  Interactions  between  Metal  Ions;  Interrante,  L.; 

ACS  Symposium  Series;  American  Chemical  Society:  Washington,  DC,  1974. 


268 


EXTENDED  INTERACTIONS  BETWEEN  METAL  IONS 


a  center  of  symmetry,  the  ligand  field  perturbations  can  contrib¬ 
ute  dipole-allowed  character  to  the  d*-d  transitions.  The  states 
attained  from  spin-allowed  d*-d  transitions  together  with  the 
allowed  polarization  by  the  ligand  field  perturbations  in  the 
order  of  increasing  energy  as  indicated  by  the  orbital  scheme  of 
Figure  13  are:  1BS  ,  d''xy-dx2 _y2 ,  x  polarization;  ^ ,  d*  ~d  , 
forbidden;  1Bi ,  d*  *-d  ,  z-polar ization;  and  1B2,  d“  »-d  2; 

polarization.  Therefore,  there  should  be  no  1 igand-f ieTd-al lowed 
d<-d  transition  with  ^  or  b-polarization. 

The  spectrum  of  a  solution  of  Pt(en)Cls  is  in  Figure  14.  It 
is  quite  characteristic  of  other  solution  spectra  of  halide-amine 
complexes  of  plat inum( 1 1 ) .  Two  spin-forbidden  bands  can  be  re¬ 
solved  between  23,000  and  29,000  cm”1.  There  are  then  two  spin- 
allowed  bands  discernable.  The  transition  at  33,000  cm"1  can  be 
assigned  to  the  1B2  and  the  band  at  37,000  cm-1  to  the  pair  of 
transitions  1A3  and  xBi  which  are  derived  from  1Eg  (D4 h) -  Fol¬ 
lowing  a  rather  deep  valley  at  40,000  cm"1  there  is  an  intense 
band  at  49,000  cm-1.  For  comparison  the  b-polarized  crystal 
spectrum  at  300°K  is  included  in  Figure  l5.  There  is  a  sharp 
peak  at  33,000  cm"1  which  is  nearly  3  times  as  intense  as  the  one 
in  solution  at  that  energy.  A  valley  occurs  at  37,000  cm"1  and 
a  rather  definite  shoulder  is  seen  at  39,000  cm"1,  very  close  to 
the  valley  of  the  solution  spectrum.  The  b-polarized  intensities 
however,  are  an  order  of  magnitude  below  the  c-polarized  spectrum. 
Both  crystal  spectra  for  300°K  and  15°K  are  included  in  Figure  15 
together  with  a  room  temperature  diffuse  reflectance  spectrum. 

The  intensity  features  of  the  c-polar ization  and  the  reflectance 
spectra  are  very  reminiscent  of  those  for  MGS.  There  is  a  very 
strong  enhancement  in  the  intensity  of  vibronic  transitions 
which  are  derived  from  the  red-shift  of  an  intense  band  polarized 
in  the  stacking  direction  from  an  energy  at  least  as  high  as 
49,000  cm"1  in  the  solution  down  to  37,500  cm"1  in  the  crystal. 
This  shift  must  be  due  to  a  considerable  extent  to  the  I1  type  of 
term  in  equation  5.  There  is  a  red-shift  of  the  spin-forbidden 
bands  as  well,  perhaps  not  quite  as  great  as  in  MGS  but  here  the 
stacking  distance  is  0.15A  greater. 

The  unpredicted  feature  of  the  spectrum  was  the  dipole- 
allowed  character  of  the  two  transitions  in  bipolar izat ion  at 
33,000  and  39,000  cm"1  indicated  by  the  temperature  dependence  of 
their  intensity.  In  this  direction  the  ligand  field  perturbation 
does  not  contribute  any  transition  dipole  to  d»-d  transitions. 
Therefore,  it  has  been  concluded  that  these  two  transitions  cor¬ 
respond  to  the  transfer  of  electrons  between  molecules,  j_.e.  to 
ionic  states.  The  theory  for  electron  delocalization  between 
elements  of  a  one  dimensional  chain  was  treated  by  Merrifield  (14). 
Overlap  between  orbitals  of  adjacent  atoms  is  required,  and  in 
general  the  electron  from  one  molecule  can  be  transferred  to  an 
unoccupied  orbital,  0  molecules  removed  from  the  hole  which  re¬ 
sults.  The  lower  energy  states  are  bound  ionic  states  with  a 
fixed  separation  between  the  electron  and  hole,  which  are  however 
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Figure  13.  Orbital  symmetries 
for  Pt( en )Clt  and  Pt( en)llri  mole¬ 
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Figure  14.  Absorption  spectrum  for  an  aqueous  solution  of 
Pt(en)Clt  and  the  b -polarized  crystal  absorption  spectrum  for 
Pt(en)Cli 
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Figure  16.  Schematic  of  an  ionic  excitation  in  a  one-dimensional  stack  of  Pt(en)Clt 
molecules:  6t  (6  =  + 1 )  based  on  (dsy)^,  <—  (dz‘); 
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mobile  in  the  chain.  Because  of  the  coulomb  attraction  of  the 
hole  and  electron  the  lowest  ionic  states  result  when  the  hole 
and  electron  are  on  adjacent  molecules.  A  system  with  such  a 
one-molecule  transfer  from  a  d,2  orbital  to  an  adjacent  d“ 
orbital,  0  =  +1 ,  is  illustrated  in  Figure  16.  At  high  energies 
the  treatment  describes  a  conduction  band  for  the  free  hole  and 
electron.  A  crystal  wave  function  for  a  0  separation  of  the  hole 
and  electron  and  for  which  the  one-dimensional  wave  vector,  k,  is 
zero  (a  requirement  for  a  dipole  allowed  crystal  transition)"  is: 

(3)  =  N"i  Ej  0j(f3).  (7) 

Now  the  wave  function  for  the  transfer  of  the  electron  in  the 
opposite  direction  (-0)  will  be  degenerate  with  §o(0).  The  two 
crystal  states  formed  from  linear  combination  of  these  degenerate 
functions  will  be  for  0  =  ±1 : 


Y|(l)  =  2-i[#«5(+l)  +**(-!)], 

(8) 

Yi(l)  =  2_i[«(+l)  -  *'(-!)]. 

(9) 

The  function  Tj_(l)  has  the  same  symmetry  as  the  Frenkel  state, 

(equation  4)  and  these  two  states  may  interact  as  is  shown  in 
Figure  17.  If  the  Frenkel  state  is  allowed,  then  both  states  will 
mix  and  share  intensity.  Unless  their  energy  is  very  close, 

Y+(l)  will  be  much  weaker  than  fo .  However,  if  the  Frenkel  state 
and  therefore  Yj-  are  forbidden,  then  it  may  be  possible  for  Yi  to 
be  allowed,  since  it  is  of  different  symmetry.  The  requirement 
for  allowed  character  is  that: 


r! 

J 


-r 


j  J+' 


*  0  , 


(10) 


where  rJ  .  ,  is  the  transition  moment  for  the 
er  of  an  electron  from  the  j  to 
the  j  +  I  member  of  the  stack,  _i_.je. 


r!  .  . ,  =  fu?rui  ,dT, 
J  .J  +  I  J  J-  J  +  I 


(ID 


where  u°  and  u1  are  the  filled  and  empty 
orbitals  respectively. 

Such  a  non-zero  transition  moment  does  require  significant  over¬ 
lap  of  the  orbitals.  An  examination  of  the  symmetry  of  the  d 
orbitals  reveals  that  there  is  only  one  d»-d  electron  transfer 
transition  viz,  (d^  ) .  ^(dx,) . ,  for  which  the  condition  of  equa¬ 
tion  10  applies  for  a-*^  and  hence  a  b.  polarization.  Therefore 
this  assignment  has  been  given  to  the  crystal  transition  at  33.000 
cm-1  in  the  Ij  polarization.  It  is  interesting  to  note  that  it  is 
the  absorption  with  polarization  normal  to  the  stacking  direction 
which  provides  evidence  for  delocalization  of  the  electrons  along 
the  stack  in  the  transition.  However,  there  is  the  second  trans- 
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Figure  17.  Energy  state  diagram  illustrating  mixing 
of  the  Frenkel  <t>,/  and  the  wave  functions  with  an 
indicated  transition  +/(7 )  <—  <t>„ 
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ition  at  39,000  cm”1  which  must  be  assigned.  Of  all  possible 
ionic  state  transitions  into  the  a'"(dx  )  or  into  the  6pz  orbital, 
for  that  matter,  there  is  only  one,  a  a  mt-C I  (d"  *-as)  which  will 
provide  a  non-zero  transition  moment  in  accordance  with  equation 
10.  The  39,000  cm-1  transition  has  been  given  this  assignment. 

In  the  recent  work  with  the  Pt (en) Br2 ^ system  (J_3 ) ,  the 
stacking  distance  of  the  molecules  is  3.50A  compared  to  the  3.39A 
for  the  Pt(en)Cl2.  The  solution  spectrum  for  Pt(en)Br2,  Figure 
18,  exhibits  similar  features  of  that  for  Pt(en)Cl2.  However, 
the  spin  forbidden  and  spin  allowed  components  have  been  red- 
shifted  about  2,000  cm  1  and  a  maximum  in  the  intense  spectrum 
was  not  reached  below  50,000  cm  1,  where  a  molar  absorptivity  of 
12,000  cm”1 M-1  was  attained.  The  crystal  spectrum  for  Pt(en)Br2 
is  in  Figure  19.  In  the  diffuse  reflection  the  highest  maximum 
is  at  36,500  cm  1 ,  very  close  to  that  in  Pt(en)Cls.  Again,  the 
corresponding  spin-forbidden  bands  in  £-polar i zat ion  are  a  factor 
of  at  least  10  more  intense  than  in  b-polarization.  In  the  b^ 
polarization  a  component  band  at  31,000  cm  1  has  vibronic  charac¬ 
ter  and  probably  corresponds  to  10a  (d"!  *-dxs_y3)  •  The  small  bump 
at  33,500  cm”1  however  has  dramatically  increased  in  height  as 
the  band  narrows.  It  has  therefore  been  attributed  to  the  cor¬ 
responding  ionic  state  (d  ) i +  |‘-(t*xz) i *  Since  normally  the  bands 
for  bromide  compl exes- are  rea-sh if tedJ i n  comparison  to  chloride, 
the  occurrence  of  this  band  at  nearly  the  same  wave  number  as  in 
Pt(en)Cl3  is  consistent  with  the  greater  separation  of  the  mole¬ 
cules  and  the  higher  coulomb  energy  for  separation  of  the  electron 
and  hole.  The  spectrum  could  not  be  extended  to  a  high  enough 
energy  to  observe  a  second  peak  as  was  the  case  for  Pt(en)Cl2. 

In  the  ionic  crystal  state  the  interaction  of  the  excited 
ions  with  the  remainder  of  the  crystal  is  an  important  energy 
term.  Thus  the  electron  transfer  between  the  neutral  molecules 
was  observed  whereas  there  was  no  evidence  for  a  similar  trans¬ 
ition  in  MGS.  In  that  case  an  electron  transfer  from  PtCl42  to 
Pt (NH3 )4S+  would  replace  a  pair  of  doubly  charged  ions  in  an 
ionic  lattice  by  a  pair  of  singly  charged  ions  with  a  consider¬ 
able  reduction  in  the  lattice  energy.  This  effect  therefore  removes 
the  electron  transfers  to  higher  energies  than  can  be  observed. 


Summary 

The  absorption  spectra  for  the  systems  described  in  this  re¬ 
view  indicate  that  if  the  metal  ions  in  the  platinum (II)  complexes 
are  separated  by  greater  than  4.0-4. 1A,  the  extended  interactions 
have  negligible  influence  on  the  molecular  electronic  transitions. 
When  the  separations  are  reduced  to  3.25  to  3-5A  there  are  observ¬ 
able  effects.  At  this  point  the  crystal  effects,  even  in  the 
absence  of  electron  delocalization  do  provide  striking  changes  in 
some  of  the  transition  energies.  Finally,  the  identification  of 
electron  transfer  transitions  in  Pt2Brss  and  the  molecular  crys¬ 
tals  Pt(en)C I3  and  Pt(en)Brs  indicate  the  energy  required,  3-4 
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Figure  18.  Absorption  spectrum  of  an  aqueous  solution  of  Pt(en)Bre  and 
the  b-polarized  crystal  absorption  spectrum  of  Pt(en)Brt 
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e.v,  to  provide  the  electron  transfers  between  the  metal  ions. 
Such  high  energies  for  electron  transfer  require,  of  course,  the 
characterization  of  the  materials  as  insulators. 

The  absorption  spectra  which  apply  to  weak  transitions  are 
complimented  by  the  polarized  specular  reflection  spectra  for  the 
intense  transitions,  which  will  be  discussed  by  Professor  Anex  in 
the  following  paper. 
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The  Nature  of  the  Lowest-Energy  Allowed  Electronic 
Transition  in  Crystals  of  Certain  d 8  Transition  Metal 
Complexes  that  Possess  Extended  Metal  Chains 


BASIL  G.  ANEX 

University  of  New  Orleans,  New  Orleans,  La.  70122 
Abstract 


The  Magnus'  salts  and  glyoximates  and  alkaline- 
earth  cyanides  of  Pt(II),  Pd(Ill,  and  Ni(II)  are 
representatives  of  a  group  of  d°  transition-metal 
complexes  that  show  striking  solid-state  optical 
properties.  The  most  obvious  manifestations  of  the 
solid-state  effects  involved  here  are  either  directly 
or* indirectly  related  to  the  lowest-energy  allowed 
electronic  transition  displayed  by  these  crystals.  A 
series  of  single-crystal  optical  studies  involving 
primarily  polarized  specular  reflection  techniques  has 
thus  been  carried  out  with  the  aim  of  characterizing 
the  crucial  low-energy  transition  in  each  group  of 
compounds  listed  above.  The  results  obtained  for 
crystals  containing  only  one  metal  species  combined 
with  separate  work  on  the  individual  ions  that  con¬ 
stitute  the  Magnus'  salts  have  allowed  the  identifi¬ 
cation  of  the  single-molecule  origin  of  the  crystal 
transitions.  Evidence  is  thus  provided  regarding  the 
atomic  orbitals  involved  in  the  crystalline  excited 
state.  The  extension  of  these  investigations  to  in¬ 
clude  studies  of  systems  containing  more  than  one 
kind  of  metal  atom  has  allowed  one  to  ascertain  the 
extent  to  which  the  crystal  excited  state  involves  de- 
localization  over  more  than  one  center.  A  rather  com¬ 
prehensive  picture  of  the  experimental  situation  for 
these  systems  with  regard  to  their  optical  properties 
has  thus  emerged  and  provides  a  critical  standard  by 
which  proposed  models  for  their  electronic  structure 
may  be  evaluated. 


The  work  reported  here  has  been  in  part  supported  by 
the  National  Science  Foundation  and  the  National 
Institutes  of  Health. 
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Introduction 


For  a  number  of  years  our  laboratory  has  had  an 
interest  in  a  rather  broad  group  of  planar  d^  systems 
whose  crystals  show  absorptive  behavior  that  is  mark¬ 
edly  and  often  dramatically  different  than  that  dis¬ 
played  by  their  component  ions  or  molecules  as  isolat¬ 
ed  entities.  The  compounds  studied  in  this  work  have 
included  the  glyoximates  and  alkaline-earth  cyanides 
of  Pt(II),  Pd (II) ,  and  Ni(II)  and  a  variety  of  Magnus' 
salts.  These  systems  all  possess  crystal  structures 
characterized  by  the  component  planar  species  stacking 
one  on  top  of  the  other  and  the  metal  atoms  forming 
parallel  chains  extending  the  length  of  the  crystal. 

The  interplanar  spacing  in  the  molecular  stacks  appears 
to  be  limited  by  repulsive  interactions  between  the 
component  molecules,  since  in  each  class  of  compounds 
one  finds  roughly  the  same  lower  limit  to  the  metal- 
metal  spacing,  3.2  -  3-3  A,  and  an  opening  up  of  the 
stack  when  one  introduces  relatively  bulky  substituents 
into  the  ligands  involved  (or,  in  the  case  of  the 
cyanides,  introduces  more  bulky  cations). 

The  optical  studies  we  have  carried  out  on  these 
substances  have  had  two  broad  objectives:  to  establish 
the  nature  of  the  characteristic  solid-state  absorp¬ 
tion  that  one  finds  in  these  systems  and  to  identify 
the  relationship,  if  any,  between  these  absorptions 
and  the  "single-molecule’1  (or  "isolated-molecule") 
spectra  of  the  component  complexes.  Throughout,  polar¬ 
ized  single-crystal  spectroscopy  has  played  a  key  role. 
The  polarizations  of  the  electronic  absorption  bands 
thus  determined  not  only  allowed  one  to  relate  the 
observed  transitions  to  theory  and  to  resolve  over¬ 
lapping  bands,  but  also  -  most  importantly  -  provided 
"labels"  that  one  might  use  to  follow  a  given  transi¬ 
tion  as  he  moved  from  one  compound  to  another  within 
a  given  series. 

One  may  also  note  that  in  addition  to  the  devel¬ 
opment  of  evidence  bearing  on  the  questions  stated 
above,  this  work  has  also  led  to  the  accumulation  of 
much  valuable  information  concerning  the  spectroscopy 
of  the  allowed  bands  of  the  complexes  involved  as 
such.  Although  ligand-field  spectra  of  transition- 
metal  complexes  have  been  rather  extensively  studied, 
and  polarization  determinations  are  not  uncommon  for 
them,  detailed  work  on  the  strongly-allowed  bands 
(often  loosely  called  "charge-transfer"  bands)  is  less 
frequently  carried  out,  and  polarization  assignments 
for  them  have  been  largely  non-existent.  These  bands, 
however,  contain  a  wealth  of  valuable  and,  as  will  be 
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seen,  sometimes  surprising  information. 

The  reasons  for  the  paucity  of  information  con¬ 
cerning  the  intense  bands  in  these  systems  include  the 
fact  that  they  are  often  strongly  overlapping  and  thus 
difficult  to  resolve,  and  they  are  sufficiently  intense 
that  polarization  determinations  by  direct  absorption 
become  formidable  undertakings  which  require  very  thin 
samples,  very  good  spectrometers,  or,  more  likely,  a 
combination  of  these  two  factors  ( 1.) .  Except  for  the 
glyoximate  studies,  the  techniques  of  single-crystal 
reflection  spectroscopy  provided  the  key  in  the  present 
work  for  avoiding  these  difficulties.  For  this  reason, 
in  what  follows,  we  will  first  briefly  recapitulate 
the  manner  in  which  the  reflection  approach  is  applied 
in  our  laboratory.  In  subsequent  sections  we  will  sum¬ 
marize  our  work  on  the  classes  of  compounds  mentioned 
previously  following  an  order  that  reflects  the  se¬ 
quence  in  which  the  research  was  actually  done. 

Specular  Reflection  Spectroscopy 

Even  if  one  has  available  a  spectrometer  with 
reasonably  low  levels  of  stray  light,  and  thus  may 
study  samples  of  relatively  high  optical  density, 
obtaining  crystal  spectra  for  transitions  that  in  so¬ 
lution  studies  show  molecular  extinction  coefficients 
of  even  a  few  thousand  may  require  rather  exotic 
methods  of  sample  preparation.  Figure  1  of  Reference 
1  presents  some  extreme  examples  of  the  distortions 
that  one  can  obtain  if  the  samples  employed  in  an  ab¬ 
sorption  study  are  sufficiently  thick  that  one  essen¬ 
tially  measures  the  stray  light  in  his  spectrometer 
over  much  of  the  absorbing  region  of  the  spectrum.  One 
can  have  situations  where  distortions  of  the  spectra 
due  to  opaqueness  of  the  sample  are  much  more  subtle 
than  those  shown  in  Reference  1.  Careful  direct  ab¬ 
sorption  studies  on  high  absorbers  thus  usually 
involve  a  fairly  elaborate  set  of  self-consistent 
studies,  such  as  ascertaining  the  optical  density  as  a 
function  of  crystal  thickness  at  critical  wavelengths. 

Although  the  sample  preparation  necessary  for  the 
study  of  relatively  highly-absorbing  crystals  can  some¬ 
times  be  accomplished  (2,5),  the  techniques  that  have 
been  developed  are  not  generally  applicable  and  typi¬ 
cally  involve  considerable  effort.  For  this  reason  it 
is  fortunate  that  specular  reflection  spectroscopy  pro¬ 
vides  a  reasonable  approach  to  the  study  of  such  sys¬ 
tems  ( _1) .  Specular,  or  mirror-like,  reflection  from 
the  surface  of  a  solid  (to  be  distinguished  from  dif¬ 
fuse  reflectance,  where  the  incident  radiation  actually 
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traverses  the  interior  of  a  usually-powdered  sample) 
closely  parallels  the  behavior  of  the  index  of  refrac¬ 
tion  (n)  in  the  vicinity  of  an  absorption.  Since  n 
typically  rises  to  relatively  high  values  as  one  ap¬ 
proaches  an  absorption  from  the  low-energy  side  and 
then  falls  to  relatively  low  values  on  the  high-energy 
side,  similar  behavior  by  the  reflectivity  may  be  used 
to  infer  the  existence  of  absorption  bands.  Moreover, 
since  the  strength  of  a  reflection  band  is,  generally 
speaking,  dependent  on  the  strength  of  the  absorption, 
the  observation  of  reflection  bands  becomes  easier  as 
direct  absorption  methods  become  difficult.  The  rela¬ 
tionship  between  reflection  and  absorption  also  implies 
that  if  one  uses  a  single  crystal  and  polarized  inci¬ 
dent  radiation,  the  reflectivity  may  be  expected  to 
have  a  polarization  dependence  paralleling  that  of  the 
related  absorption.  Polarized  reflection  studies  may 
thus  be  used  in  a  manner  completely  analogous  to  polar¬ 
ized  absorption  studies  to  ascertain  the  polarization 
of  the  transitions  involved. 

Figure  1  shows  the  relationship  that  exists  be¬ 
tween  the  absorptive  properties  of  a  crystal,  the  index 
of  refraction,  and  the  reflection  coefficient  in  a 
representative  situation.  The  extinction  coefficient, 
k,  plotted  in  Figure  1  is  related  to  the  usual  molar 
extinction  coefficient  through 

e  =  (47rk)/(2.505AC)  (1) 

where  A  is  the  wavelength  to  which  e  and  k  refer  and  C 
is  the  molar  concentration  of  the  absorber  in  the 
crystal. 

The  optical  constants  (n  and  k)  shown  in  Figure  1 
are  in  fact  not  measured  quantities,  but  have  been 
derived  by  application  of  the  Kramers-Kronig  analysis 
(_1)  to  the  reflection  spectrum.  In  this  procedure,  one 
fTrst  computes  through  the  application  of  the  integral 
expression 

°>i 

eH)  =  f1 


the  phase  change  that  incident  radiation  of  the  fre¬ 
quency  of  interest  undergoes  when  it  is  reflected  from 
the  crystal  surface.  In  Equation  2,  0(co^)  is  the  phase 
change  for  light  of  circular  frequency  coj_  (co  =  2ttV, 
where  v  is  the  frequency  of  the  light  in  question)  and 
R(oo)  is  the  reflection  coefficient  for  light  of  circu¬ 
lar  frequency  co.  Once  one  knows  the  phase  change  and 


h  R(g>  to 

CD  -  cof 


(2) 


In  Extended  Interactions  between  Metal  Ions;  Interrante,  L.; 

ACS  Symposium  Series;  American  Chemical  Society:  Washington,  DC,  1974. 


280 


EXTENDED  INTERACTIONS  BETWEEN  METAL  IONS 


reflection  coefficient  for  a  given  frequency,  the  cal¬ 
culation  of  n  and  k  is  a  straight-forward  matter.  For 
k,  the  quantity  of  most  direct  concern  here,  the  rele¬ 
vant  expression  is 

k  =  ( -2R^sin  0)/(l-2R^cos  0  +  R) .  (3) 

Equations  1-3  allow  one  to  obtain  from  reflection 
data  detailed  absorptive  information  that  is  identical 
to  that  which  results  from  direct  absorption  measure¬ 
ments.  Moreover,  this  analysis  gives  absolute  inten¬ 
sities  (molar  extinction  coefficients)  directly,  and 
obtaining  such  data  from  direct  absorption  studies 
entails  the  often  difficult  measurement  of  sample 
thickness  on  very  thin  specimens. 

The  only  aspect  of  the  Kramers-Kronig  analysis 
that  prevents  its  application  from  being  totally  rou¬ 
tine  is  the  fact  that  the  integration  of  Equation  2 
extends  over  the  complete  frequency  range  from  0  to  <», 
while  one  is  of  course  limited  experimentally  to  some 
finite  spectral  region.  The  method  of  correcting  for 
phase  contributions  from  outside  the  experimental  range 
followed  in  our  laboratory  involves  placing  an  effec¬ 
tive  transition  in  the  vacuum  ultraviolet,  the  region 
most  likely  to  make  the  most  significant  contribution 
in  studies  such  as  are  dealt  with  here.  The  properties 
of  this  transition  are  then  varied  until  the  derived 
spectrum  fulfills  some  predetermined  criterion  -  most 
commonly,  that  e  should  be  equal  to  zero  in  regions 
where  the  crystal  is  known  to  be  transparent.  The 
effective  transition  thus  arrived  at  is  then  used  to 
compute  the  optical  constants  throughout  the  region  of 
interest.  This  procedure  has  the  effect  of  intro¬ 
ducing  the  proper  phase  correction  in  the  region  where 
it  can  be  verified  and  then  using  an  appropriate  wave¬ 
length  dependency  in  applying  this  correction  to  the 
remainder  of  the  spectrum.  The  application  of  this 
procedure  is  illustrated  in  Figure  2.  It  has  in  gen¬ 
eral  provided  very  satisfactory  results  -  especially 
for  bands  of  at  least  moderate  intensity,  which  make  a 
major  contribution  to  the  phase  in  the  vicinity  of  the 
frequencies  at  which  they  occur  and  thus  require  rela¬ 
tively  small  phase  corrections,  and  for  bands  that  fall 
well  within  the  experimental  region. 

Unless  noted  otherwise,  crystal  absorption  spectra 
discussed  in  the  following  sections  of  this  paper  have 
been  obtained  via  the  application  of  Kramers-Kronig 
analysis  to  the  appropriate  reflection  spectra. 
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Figure  1.  Reflection  coefficient  (R),  index  of  refraction  (n), 
and  extinction  coefficient  (k)  for  a  moderately  intense 
absorber  (1) 
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Figure  2.  Kramers-Kronig  absorption  spectrum  in  various  stages  of  refine¬ 
ment:  ( - )  curve  obtained  by  using  only  experimental  data  and  straight- 

Hne  high  and  low  energy  approximations  from  Ref.  1;  (••••)  partially 

refined  curve;  ( - )  final  curve  obtained  by  varying  effective  ultraviolet 

reflectivity  to  obtain  zero  extinction  coefficients  in  long  wavelength 

region  (1). 
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The  Glyoximates 


Nickel  dimethylglyoxime  (NiDMG)  itself  provides  a 
classic  example  of  the  kind  of  phenomena  that  have 
attracted  attention  to  the  compounds  being  discussed 
here.  Those  familiar  with  the  determination  of  nickel 
as  the  dime thy lglyoximate  will  recall  the  red  floccu- 
lent  precipitate  that  is  obtained  in  this  procedure. 
This  material  will  dissolve  in  chloroform,  however, 
and  does  so  to  give  a  pale  yellow  solution.  The  dif¬ 
ference  between  the  solution  spectrum  and  that  of  the 
solid  becomes  even  more  striking  when  one  examines  a 
single  crystal  of  NiDMG,  which  has  a  dark  body  color 
and  displays  a  green  metallic  lustrous  sheen  in  re¬ 
flection.  This  sheen,  when  examined  with  a  linear 
polarizer,  is  found  to  be  polarized  parallel  to  the 
needle,  or  stacking,  axis  of  the  crystal. 

The  differences  between  the  solution  and  solid 
spectra  of  NiDMG  are  shown  in  a  quantitative  manner  by 
Figure  3-  Here  the  solution  spectrum  has  been  obtain¬ 
ed  in  a  suitable  glass-forming  solvent.  On  cooling  to 
liquid  nitrogen  temperatures,  a  glass  forms  and  simul¬ 
taneously  a  finely  dispersed  precipitate  of  NiDMG 
appears,  allowing  one  to  compare  rather  precisely  the 
solution  and  solid-state  spectra  (3).  The  most  obvi¬ 
ous,  but  not  singular,  new  feature  in  the  solid-state 
spectrum  is  the  strong  new  band  at  17.8  kK.  It  is 
clearly  this  green  band,  combined  with  other  bands  in 
the  blue,  that  gives  the  red  body  color  to  NiDMG,  and 
it  is  this  band  whose  characterization  we  seek. 

The  polarization  of  the  green  band  of  NiDMG  is 
displayed  in  Figure  4,  which  reports  the  polarized 
absorption  spectra  obtained  for  a  thin  film  of  NiDMG 
prepared  by  vacuum  sublimation  onto  a  quartz  plate. 

It  can  be  seen  that  this  band  is  polarized  exclusively 
perpendicular  to  the  molecular  planes,  or  parallel  to 
the  stacking  axis,  which  is  consistent  with  the  quali¬ 
tative  observations  on  the  reflectivity  of  the  crystal 
noted  in  the  remarks  introducing  this  section  and  the 
quantitative  reflection  spectra  reported  by  Anex  and 
Krist  (3) . 

In  an  effort  to  establish  the  single-molecule 
origin  of  the  green  band  of  NiDMG  a  series  of  nickel 
glyoximates  has  been  studied,  consisting  of  NiDMG 
itself,  two  forms  of  nickel  ethylmethylglyoxime  (a- 
NiEMG  and  p-NiEMG) ,  and  nickel  heptoxime  (NiHept). 
p-NiEMG  and  NiHept  possess  the  stacking  structure 
characteristic  of  NiDMG,  while  a-NiEMG,  which  turns 
out  to  be  a  crucial  compound  in  this  study,  possesses 
a  non-stacked  structure.  The  crystal  spectra  of 
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Figure  3.  Glass  ( - )  and  solution  ( - )  absorption  spectra 

of  nickel  dimethylglyoxime  (3) 
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Figure  4,  Polarized  absorption  spectra  of  an  oriented  film  of 
nickel  dimethylglyoxime.  The  [|  curve  obtained  when  electric 
vector  of  the  incident  light  vibrates  parallel  to  the  molecular 
planes,  and  1  obtained  when  it  vibrates  perpendicular  to  the 
molecular  planes  (3). 
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a-NiEMG  approximate  rather  closely  those  you  would 
expect  from  its  solution  spectrum  and  an  oriented  gas 
model  for  the  crystal  (3).  The  interne tallic  spacings 
in  NiDMG,  p-NiEMG,  and  NiHept  are  3.25,  3.4,  and 
3.60  K,  respectively,  and  thus  this  study  can  be  viewed 
as  an  experiment  in  which  the  distances  between  the 
complexes  in  the  stacks  are  successively  increased  un¬ 
til  in  a-NiEMG  we  reach  the  point  where  we  obtain  a 
spectrum  that  is  essentially  characteristic  of  the  free 
complex. 

Figure  5  shows  the  out-of-plane  spectrum  of  each 
of  the  crystals  in  this  series  and  demonstrates  rather 
convincingly  that  as  the  complexes  within  the  stacks 
are  separated  the  characteristic  solid-state  band  of 
NiDMG  retreats  into  a  single-molecule  band  located  at 
23-0  kK  in  a-NiEMG.  This  falls  in  the  first  set  of 
solution  absorptions  observed  for  these  complexes  (all 
three  complexes  have  essentially  the  same  solution 
absorption  spectrum).  If  one  accepts  Gray  and  Ball- 
hausen's  assignment  (4)  of  the  first  allowed  solution 
bands  of  the  cyanides  to  metal-to-ligand  charge-trans¬ 
fer  transitions,  one  may  conclude  by  analogy  that  the 
crucial  out-of-plane  band  of  a-NiEMG  may  be  represented 
orbitally  as 

3dz2N1  — >  c.ir*  +  c24pzNi  ,  (4) 

-X- 

where  refers  to  the  appropriate  linear  combination 
of  anti-bonding  ligand  m-orbitals  and  cp  and  C2  are 
mixing  coefficients.  In  the  Gray  and  Ballhausen  pic¬ 
ture,  then,  one  would  have  in  solution  a  situation 
where  cp  »cp  and  be  dealing,  as  noted  above,  with  an 
essentially  metal-to-ligand  transition.  Anex  and 
Krist  (3)  have  argued  that  one  can  then  rationalize 
growth  in  intensity,  red  shift,  and  sharpening  of  the 
crystal  transition  relative  to  its  solution  counter¬ 
part  in  terms  of  the  solid-state  perturbation,  whose 
nature  was  not  specified,  lowering  the  4pz  orbital  in 
energy  to  the  point  where  Cn  «C2-  One  would  then  be 
dealing  with  essentially  a  az2 - >  pz  transition  con¬ 

fined  to  the  metal. 

Explanations  for  the  development  of  the  green 
band  of  NiDMG  that  involve  specific  hypotheses  con¬ 
cerning  the  nature  of  the  solid-state  perturbations 
have  been  proposed  (5.,6) .  These  can  most  fruitfully 
be  discussed  after  the  related  systems  to  be  dealt 
with  here  have  been  reviewed. 
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The  Magnus  1  Salts 

The  qualitative  observation  of  the  color  changes 
involved  in  the  formation  of  Magnus'  green  salt, 
[Pt(NHj)i|.] [PtCl^],  make  it  appear  that  the  phenomena 
observed  there  parallel  rather  closely  those  described 
previously  for  NiDMG.  One  thus  finds  that  if  an 
aqueous  KoPtClij.  solution,  which  is  red,  is  combined 
with  a  colorless  aqueous  Pt(NHj)4Cl2  solution,  a  green 
precipitate  of  Magnus'  green  salt  (MGS)  is  obtained. 

A  crystal  color  different  than  that  of  either  of  the 
components  might  thus  lead  one  to  assume  that  once 
again  one  has  some  "new"  absorption  band  appearing  in 
the  visible  part  of  the  spectrum.  Day  and  coworkers 
(7)  and,  more  recently,  Martin  e_t  al.  (8),  have  mea¬ 
sured  the  visible  absorption  spectra  of  MGS  single 
crystals  and  shown  them  to  be  perturbed  PtCl42-  spec¬ 
tra,  and  not  to  possess  any  bands  that  could  not  be 
traced  to  those  found  in  the  anionic  species  in  the 
K2PtCl4  crystal  and  its  aqueous  solution.  The  green 
color  of  the  MGS  crystal  results  from  a  red  shift  and 
intensification  of  the  PtCl42-  bands  in  MGS  leading 
to  a  "window"  in  the  green  region  of  the  spectrum, 
rather  than  from  the  development  of  an  additional  band 
in  the  visible  part  of  the  spectrum.  (K2PtCl4  also 
has  a  crystal  structure  in  which  the  complex  species 
are  stacked,  but  here  the  metal-metal  separation  is 
4.13  S,  and  one  may  expect  that  strong  intercomplex 
interactions  will  not  be  manifested  -  an  assumption 
that  is  born  out  by  the  reasonably  close  correspondence 
of  the  solution  and  crystal  absorption  for  this 
system. ) 

A  connection  between  the  optical  phenomena  ob¬ 
served  in  MGS-type  salts  and  those  discussed  previously 
for  nickel  glyoximates  was  to  become  apparent,  however. 
Day  et  al.  carried  out  a  series  of  particularly  sig- 
nificanTPexperiments,  analogous  to  those  described  in 
the  preceding  section  on  the  glyoximates,  in  which  the 
spacing  between  complexes  in  the  MGS  crystal  was  in¬ 
creased  by  modifying  the  nature  of  the  ligands  in  a 
manner  expected  to  affect  the  "single-molecule"  spec¬ 
tra  in  a  minimal  fashion  (7,9) •  MGS-type  salts  were 
thus  prepared  in  which  the  NH-j  ligands  of  Pt(NH-^)2 
were  replaced  by  CH-z-NH2  (Me-MGS)  and  CH^-Cf^-NHo 
(Et-MGS),  respectively.  The  MGS  and  Me-MGS  crystals 
have  the  same  metal-metal  spacing  (3.25  Al, while  in 
Et-MGS  this  parameter  has  a  value  of  3.4  A  (5) •  The 
visible  spectra  of  MGS  and  Me-MGS  are  very  similar, 
and  as  one  might  expect,  the  Et-MGS  spectra  are  inter¬ 
mediate  between  those  of  MGS  and  KgPtCl^  (7,9).  Of 


In  Extended  Interactions  between  Metal  Ions;  Interrante,  L.; 

ACS  Symposium  Series;  American  Chemical  Society:  Washington,  DC,  1974. 


286 


EXTENDED  INTERACTIONS  BETWEEN  METAL  IONS 


equal  importance.  Day  et  al.  also  carried  out  diffuse 
reflection  studies  on  these  same  systems,  and  found  a 
strong  correlation  between  metal-metal  distance  and 
the  location  of  a  strong  ultraviolet  transition: 


Metal -Metal 


Compound 

Distance 

MGS 

3-25  S. 

Me-MGS 

3-25 

Et-MGS 

3.4 

K2PtCl4 

4.13 

*  Actual 

absorption 

Position  of  uv  Transition 
(Diffuse  Reflectance) 

34.5  kK 

34.5 

4o 

42.5* 

ue  of  this  (11) . 


It  was  thus  suggested  that  the  effects  observed  in  the 
visible  spectrum  of  the  Magnus'  salts  could  be  under¬ 
stood  in  terms  of  the  visible  bands'  borrowing  inten¬ 
sity  from  the  strong  metal-metal  separation  dependent 
ultraviolet  band.  In  such  a  situation,  the  closer  the 
uv  band  was  to  visible  transitions,  the  greater  its 
influence  on  them  could  be  expected  to  be.  Further, 
the  fact  that  the  intensity  perturbations  were  strong¬ 
er  for  the  out-of-plane  bands  than  the  in-plane,  led 
to  the  conclusion  that  the  perturbing  band  must  have 
out-of-plane  polarization. 

These  observations  and  the  conclusions  drawn  from 
them  led  directly  to  the  study  of  the  allowed  bands 
in  the  same  series  of  three  Magnus'  salts  in  our  labo¬ 
ratories  ( ]L0) .  The  results  were  strikingly  in  accord 
with  the  suggestions  made  by  Day  et  al. ,  as  may  be 
seen  in  Figure  6,  which  presents  the  crucial  portions 
of  the  out-of-plane  absorption  spectra  obtained  by 
Kramers-Kronig  analysis  of  the  corresponding  reflec¬ 
tion  spectra.  The  strong  ultraviolet  absorption  band 
is  found  to  occur  at  34.5,  34.4,  and  39-9  kK  respec¬ 
tively  for  MGS,  Me-MGS  and  Et-MGS,  in  excellent  agree¬ 
ment  with  the  results  of  diffuse  reflection.  It  was 
also  possible  to  develop  a  quantitative  correlation 
between  the  position  and  intensity  of  the  strong  ultra¬ 
violet  band  in  these  systems  and  the  corresponding  out- 
of-plane  visible  intensity.  Strong  evidence  was  thus 
provided  for  the  proposal  that  interaction  between  the 
excited  states  responsible  for  the  visible  bands  and 
that  of  the  ultraviolet  transition  plays  a  substantial 
role  in  the  perturbation  of  the  visible  spectra. 
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Figure  5.  Portions  of  out-of-plane  absorption 
spectra  for  four  nickel  dimethylglyoximates  ob¬ 
tained  by  direct  absorption  studies  (3) 


WAVELENGTH 


300  250 


Journal  of  Chemical  Physics 


FREQUENCY  kK 


Figure  6.  Kramers-Kronig  absorption  curves  for 
MGS  (A),  Me-MGS  (B),  and  Et-MGS  (C)  (10) 
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The  bands  shown  in  Figure  6  were  thought  by  both 
Day  and  coworkers  and  our  group  to  be  correlated  with 
the  solution  band  of  ^PtCl^  that  peaks  at  46.3  kK 
with  a  maximum  molar  extinction  coefficient  of 
10,230  cm_1M--*-  (_11) .  This  transition  would  clearly 
have  undergone  an  intensification  in  the  MGS  crystal, 
but  in  estimating  the  magnitude  of  this  effect  one 
must  first  observe  that  the  e-values  reported  in  Fig¬ 
ure  6  must  be  divided  by  3  for  comparison  to  solution 
values  and,  secondly,  note  that  a  true  comparison  of 
intensities  requires  integrations  over  the  bands.  Re¬ 
cent  studies  (12)  indicate  that  this  band  intensifies 
by  a  factor  of  approximately  2.5  in  going  from  K^PtCl^ 
to  MGS.  Thus,  although  the  behavior  of  the  ultravio¬ 
let  band  in  the  Magnus'  salts  in  some  ways  parallels 
the  visible  band  of  the  nickel  glyoximates,  it  differs 
in  one  crucial  factor:  it  does  not  show  the  dramatic 
intensification  observed  for  the  green  band  of  NiDMG 
in  going  from  essentially  infinite  metal-metal  sepa¬ 
ration  to  one  of  3-25  $.  This  intensity  behavior  is 
in  accord  with  the  picture  developed  for  NiDMG,  if  one 
recalls  that  in  Magnus'  salts  one  is  dealing  with 
ligands  that  do  not  possess  unsaturation.  In  Equation 
4,  therefore,  c,  would  become  zero  for  MGS  and  related 
compounds  and  the  transition  would  be  essentially 
d  — >  p  at  all  stages  of  solid-state  perturbation. 

Hence  one  would  not  expect  in  this  case  to  see  a  dra¬ 
matic  drop  in  intensity  as  one  moves  to  the  "single¬ 
molecule"  spectrum. 

This  interpretation  of  the  Magnus'  salt  spectra 
of  course  carries  strong  implications  for  the  46.3  kK 
solution  band  of  KpPtClij.:  it  should,  if  this  picture 
is  correct,  at  least  have  a  component  that  can  be 
associated  with  a  platinum  ion  5dz2  — >  6p  promotion. 
Since  at  the  time  this  proposal  was  made  tne  46.3  kK 
absorption  was  generally  thought  to  be  ligand-to-metal 
charge-transfer  in  character  (4,_11),  a  study  aimed  at 
characterizing  the  high-energy  allowed  bands  in 
KpPtCl^  and  related  compounds  was  undertaken. 

Tetrachloroplatinatef II)  Ion  and  Related  Systems 

Figure  7  shows  the  solution  spectra  of  KoPtCl4 
and  KpPdCl^.  It  will  be  noted  that  the  46.3  kK  band  of 
KoPtCl^  has  roughly  the  same  emax  and,  except  for  its 
structure,  is  very  similar  in  appearance  to  the  35.7  kK 
KoPdCl^  band.  It  was  thus  rather  generally  accepted 
(ll)  that  these  two  bands  were  correlated  with  one 
another,  that  the  46.3  kK  PtC1^2"  band  was  strongly 
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red  shifted  when  Pd  was  substituted  for  Pt,  and  that 
the  second  PdCl^2"  band  had  similarly  red-shifted  from 
its  vacuum-ultraviolet  location  in  PtCl^2-.  Moreover, 
the  whole  array  of  strong  quartz  ultraviolet  bands  in 
these  ions  was  taken  as  being  charge-transfer  in 
nature. 

In  order  to  examine  the  validity  of  this  picture 
and,  more  particularly,  to  explore  the  possibility  of 
a  d  — - >  p  transition  being  involved  in  the  46.3  kK 
PtCl^2-  band,  the  reflection  spectra  of  K^PdClii  and 
K^PtClij.  were  obtained  and  are  shown  in  Figures  8  and 
9.  It  is  clear  that  K2PtCli|  contains  a  strong  high- 
energy  out-of-plane  transition,  while  KgPdCl^  displays 
no  analogous  absorption.  If  one  makes  the  reasonable 
assumption  that  comparable  transitions  occur  in 
PtCli|2-  and  PdCl^-,  then  the  behavior  of  the  out-of¬ 
plane  PtCl^2-  band  is  just  the  opposite  of  that  former¬ 
ly  thought  to  be  the  case  -  it  shifts  to  higher,  not 
lower,  frequencies  on  moving  from  PtCl^2-  to  PdCl^2 “. 

Examination  of  the  d  — >  p  transitions  of  Pt  and 
Pt+  and  the  comparable  palladium  species  reveals  a 
blue  shift  similar  to  that  inferred  for  the  tetra- 
chloro  ions  as  one  moves  from  platinum  to  palladium 
(JLl),  a  correlation  that  lends  additional  plausability 
to  the  d  — ■>  p  assignment  in  PtCl^2-.  One  may  also 
note  that  at  least  two  predictions  flow  from  the  fore¬ 
going  discussion: 

1)  Since  in  ammonia  the  electrons  analogous  to 
those  thought  to  participate  in  the  lowest- 
energy  ligand -to-metal  charge-transfer  band 
in  PtCli,2-  are  tied  up  in  bonding,  one  would 
expect  this  band  to  occur  at  considerably  p_ 
higher  energies  in  Pt(NHj)2|  than  in  PtCl^  , 
while  the  5dz2  — >  6p„  transition,  being  con¬ 
fined  to  the  metal,  should  be  found  in  roughly 
the  same  spectral  region  for  both  ions. 

2)  Since  the  strong  out-of-plane  transition  in 
the  solution  spectrum  of  PtCl^2-  undergoes  an 
approximately  12  kK  shift  in  MGS,  it  might  be 
expected  that  the  d  — ■>  p  transition  hypothe¬ 
sized  to  occur  in  the  vacuum  ultraviolet  in 
the  free  PdCl^2-  ion  could  be  shifted  into  the 
quartz  ultraviolet  in  the  spectra  of  the 
palladium  analog  of  MGS  ( [Pd(NH,)^3 [PdCl^] ) . 

One  in  fact  observes  a  strong  transition  in 
aqueous  solutions  of  Pt(NHj)2|Cl2  ( 11)  and  recent 
crystal  studies  (13)  have  shown  this  transition  to 
have  an  out-of-plane  polarization.  Likewise,  the 
palladium  Magnus  1  salt  shows  a  moderately  strong  out- 
of-plane  absorption  peaking  in  reflection  at 
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Figure  7.  Solution  absorption  spectra  (in  2M  HCl)  of 
KtPtClh  ( - )  and  K,PdClt  ( - )  (data  from  Ref.  11) 
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Figure  8.  Polarized  single-crystal  reflection  spectra  of  KtPdCllr  The 
[|  curve  obtained  when  electric  vector  of  the  incident  light  vibrates 
parallel  to  the  molecular  planes;  ±  curve  obtained  when  it  vibrates 
perpendicular  to  the  molecular  planes  (11). 
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45.8  kK  (14).  The  findings  for  P^NHj^Clg  are  parti¬ 
cularly  significant  relative  to  the  5a  2  — >  6p 
assignment,  since  for  Pt(NH^)2|^+  it  isaifficult  to 
propose  an  alternative  assignment  for  an  out-of-plane 
band  occurring  in  the  45-50  kK  region. 

Characterization  of  the  Excited  State 


Having  reached  the  point  where  one  has  developed 
a  reasonably  good  picture  of  the  single-molecule  ori¬ 
gin  of  the  crucial  solid-state  absorption  bands  in 
these  systems,  the  next  logical  step  is  to  seek  know¬ 
ledge  regarding  the  nature  of  the  excited  states 
associated  with  these  bands.  In  particular,  one  would 
like  to  distinguish  between  the  view  that  would  char¬ 
acterize  the  transition  here  as  an  essentially  intra¬ 
molecular  one  that  is  highly  perturbed  by  its  environ¬ 
ment  and  those  that  would  invoke  varying  degrees  of 
delocalization  in  at  least  the  excited  state. 

As  has  been  pointed  out  previously  (3),  mixed 
crystal  experiments  of  the  general  type  done  by  Banks 
and  Barnum  (_15)  and  Basu,  Cook,  and  Belford  (16) 
could  have  an  important  bearing  on  this  problem.  Un¬ 
fortunately,  this  earlier  work  on  the  glyoximates, 
which  was  carried  out  on  colloidal  suspensions  and 
NaCl  pellets,  appears  to  have  yielded  spectra  that 
were  not  particularly  well  resolved.  In  any  case, 
these  studies  resulted  in  contradictory  findings,  in 
that  Banks  and  Barnum  reported  a  single  intermediate 
band  lying  between  those  of  the  pure  components  in 
various  binary  mixtures  of  the  Ni(II),  Pt(II),  and 
Pd(II)  dimethylglyoximates,  while  Basu  eit  al.  reported 
a  series  of  intermediate  bands  in  such  situations. 

In  light  of  the  above  observations,  a  series  of 
mixed-crystal  studies  involving  single-crystal  mea¬ 
surements  was  undertaken  in  our  laboratories.  The 
results  of  one  of  these  investigations  was  recently 
reported  ( 14) .  In  this  work  "mixed"  Magnus’  salts  of 
the  form  [Pt(NH3)4] [PdCl^  and  [ Pd(NH3)4] [PtCl^]  were 
prepared  and  studied  via  the  techniques  of  specular 
reflection  spectroscopy.  The  out-of-plane  spectrum 
for  [Pd(NHj)2|]  [PtCl^]  is  shown  in  Figure  10,  where  the 
out-of-plane  spectra  of  MGS  and  its  platinum  analog 
are  also  shown  for  comparison.  It  will  be  noted  that 
the  mixed-crystal  spectrum  possesses  a  single  band 
with  a  width  comparable  to  those  of  the  two  "pure" 
salts  located  almost  midway  between  them.  It  also 
shows  an  intensity  intermediate  between  those  of  the 
pure  salts.  (All  three  crystals  have  essentially  the 
same  unit-cell  parameters  (IT).  Thus,  the  metal-metal 
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Figure  9.  'Polarized  single-crystal  reflection  spectra  of  KtPtCli.  The  || 
and  1  are  of  same  significance  as  in  Figure  8. 
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Chemical  Physics  Letters 

Figure  10.  Reflection  spectra  when  electric  vector  of  the  incident 
radiation  vibrates  parallel  to  the  out-of-plane  direction  of  single 

crystals  of  [Pt(NH3)J  [PtCl,,]  ( - ),  [PdfNH.,),]  [PtCl,]  ( - ), 

and  [PdfNHJJlPdCl,,]  (•••)  (14) 
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spacing  and  molar  concentrations  are  approximately  the 
same  for  each  salt.)  Perhaps  the  most  surprising  fact 
developed  in  this  investigation,  however,  is  that  the 
out-of-plane  spectrum  of  the  second  mixed  Magnus'  salt 
studied,  [Pt(NH3U][PdCl4],  corresponds  closely  enough 
to  that  shown  in  Figure  10  for  [Pd^H^^ltPtCl^]  that 
it  can  be  represented  by  the  same  curve. 

These  findings  certainly  provide  telling  evidence 
for  a  strongly  delocalized  excited  state.  It  is  in 
fact  as  if  all  that  matters  for  this  transition  is  to 
have  the  metal  ions  lined  up  at  the  appropriate  spac¬ 
ing,  with  the  ligands,  beyond  this  role,  simply  acting 
as  spectators.  As  will  be  noted  later,  however,  the 
situation  has  to  be  somewhat  more  complex  than  this. 

The  34.5  kK  MGS  band  shown  in  Figure  6  is  the 
only  one  apparent  in  the  out-of-plane  spectrum  in  the 
quartz  ultraviolet  region  and,  in  particular,  no  out- 
of-plane  transitions  corresponding  to  the  dz2  — •>  Pz 
bands  of  KoPtClJi  and  P^NB^UClo  are  observed  in  this 
region  for  MGS.  *  In  view  of  trie  high  degree  of  de- 
localization  now  known  to  exist  in  these  systems,  the 
most  reasonable  interpretation  of  this  finding  would 
appear  to  be  that  the  34.5  kK  MGS-band  has  its  parent¬ 
age  in  both  the  cationic  and  anionic  d  — •>  p  tran¬ 
sitions,  both  having  been  red-shifted  sharply  in  MGS. 
For  this  reason,  current  practice  in  our  laboratory 
is  to  use  the  total  concentration  of  complex  species 
present,  both  anionic  and  cationic,  in  computing  e- 
values  for  MGS-type  systems.  Recognition  is  thus  made 
of  the  fact  that  both  metal-containing  species  are 
thought  to  be  contributing  to  the  absorptive  process 
in  the  Magnus'  salts.  The  e-values  and  other  inten¬ 
sity  measures  -  such  as  integrated  intensities  - 
obtained  for  the  Magnus'  salts  are  then  directly  com¬ 
parable  to  those  computed  in  the  usual  way  for  the 
component  ions  as  "isolated"  species.  It  will  be  seen 
that  this  manner  of  computing  concentrations  results 
in  concentration  values  that  are  just  twice  those 
based  on  the  number  of  formula  units  of  the  Magnus' 
salt  in  question  per  liter,  which  was  the  basis  of  the 
concentrations  used  and  listed  in  Reference  10. 


*The  emphasis  here  is  on  the  excited  state,  since  one 
finds  little  evidence  in,  for  instance,  the  d  — ■>  d 
transitions  of  MGS  or  transitions  of  the  NiDMG  crystal 
other  than  the  crucial  green  band  to  make  one  feel 
that  the  ground  state  is  extensively  delocalized. 

**Analogous  comments  apply  to  other  Magnus-type  salts. 
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Comment  should  also  be  made  at  this  point  on  the 
differences  in  the  levels  of  reflectivity  shown  by 
the  MGS  curves  of  Figure  2  of  Reference  10  and  Fig¬ 
ure  10  of  the  current  publication.  The  improvement 
shown  in  the  later  measurements  primarily  reflects 
improved  sample  size  and  quality  resulting  from 
recently-developed  techniques  of  sample  preparation. 
The  increased  reflectivities  for  MGS  in  themselves 
would  lead  to  increased  e-values  for  the  Kramers- 


Kronig  absorption  spectra  that  result  from  them.  This 
effect  is,  however,  opposite  to  that  resulting  from 
the  change  in  the  basis  of  computing  the  crystal  con¬ 


centration  noted  above,  and  one  thus  obtains  roughly 
the  same  emax  for  the  d  — >  p  transitions  of  KpPtCl^ 
and  Pt(NH3)4Cl2  and  the  34.5  kK  MGS  band  (12).  An 
increased  width  of  the  MGS  band  then  accounts  for  the 


approximate  2. 5-fold  increase  in  integrated  intensity 
in  MGS  alluded  to  in  an  earlier  section  of  this  paper. 

Another  group  of  substances  whose  study  is  par¬ 
ticularly  informative  concerning  the  extent  of  de- 
localization  in  the  crucial  excited  state  in  crystals 
of  the  type  being  dealt  with  here  are  the  barium  salts 
of  the  tetracyano  complexes  of  Ni(II),  Pd (II),  and 
Pt(ll).  These  compounds,  which  form  single  crystals 
having  the  general  formula  BaM(CN)4' 4h20,  present  a 
situation  that  in  many  respects  parallels  that  de¬ 
scribed  previously  for  NiDMG.  Once  again  one  has  a 
stacking  of  the  complexes  in  the  solid  state  -  with 
consequent  "metal  chain"  formation  -  and  the  develop¬ 
ment  of  a  strong,  relatively  low-energy  band  that  has 
no  obvious  counterpart  in  the  free  ions  (5, l8, 19) . 

The  "solid-state"  bands  here  are  again  thougKt- to  have 
as  their  free-ion  parentage  relatively  weak  bands  in 
the  "charge-transfer"  region  of  the  solution  absorp¬ 
tion  spectrum  (l8). 

One  of  theTnteresting  aspects  of  the  solid- 
state  studies  on  these  compounds  is  the  fact  that  one 


can  prepare  mixed  crystals  of  them  in  which  two  dif¬ 
ferent  complex  species  appear  in  the  same  crystal.  One 
can,  for  instance,  grow  crystals  of  the  following  type: 


Ba[Ni(CN)4]x[Pt(CN)4]1_x*4H20* 


(5) 


^Isomorphism  of  these  crystals  with  the  single-anion 
crystals  has  not  been  ascertained  by  direct  experiment, 
but  is  inferred  from  the  gradual  gradation  of  optical 
properties  as  one  varies  the  composition  of  the  mixed 
crystals. 
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While  the  mixe d -Magnus '  studies  had  the  advantage  of 
definite  ionic  distribution  in  the  metal  stacks  (one 
knows  that  in  Magnus'  salts  the  anionic  and  cationic 
species  alternate  along  the  chain),  one  is  limited,  at 
least  with  the  crystals  prepared  to  date,  to  a  1:1 
ratio  of  the  two  metals  involved.  In  the  present 
situation  the  advantages  and  disadvantages  are  just 
reversed  relative  to  the  Magnus'  salts:  one  can  vary 
composition,  but  the  sequencing  along  the  chain  is 
no  longer  known. 

If  one  prepares  crystals  with  a  composition 
corresponding  to  x  in  Equation  5  having  a  value  of 
approximately  0.5,  the  spectral  results  are  completely 
analogous  to  those  observed  for  the  mixed-Magnus  case: 
a  single  band  whose  energy  and  intensity  are  midway 
between  those  of  BaNi(CN)^-4H20  and  BaPt(CN)2|-4H  0 
(l8) .  The  unique  results  of  this  study  are,  however, 
ilTustrated  by  Figure  11,  where  there  is  plotted  the 
position  of  the  out-of-plane  reflection  band  as  a 
function  of  Pt(CN)^2-  content  for  a  series  of 
BaPt(CN)4-BaNi(CN)i|  mixed  crystals  in  which  the 
Pt(CN)i|2-  content  is  varied  over  rather  wide  limits. 
Regardless  of  the  amount  of  Pt(CN)2|2_  that  was  intro¬ 
duced  into  the  BaNi(CN)^  crystal,  only  one  reflection 
band  was  found,  and  for  even  the  lowest  levels  of 
concentration  of  one  species  in  the  presence  of  the 
other,  this  band  was  assuming  "intermediate"  charac¬ 
teristics. 

The  behavior  shown  in  Figure  11,  which  is  paral¬ 
leled  by  other  spectral  characteristics  of  the  bands 
in  question,  presents  very  convincing  evidence  for 
extensive  delocalization  in  the  excited  state  respon¬ 
sible  for  the  strong  out-of-plane  band  in  these  crys¬ 
tals.  The  implication  here  is  that  if,  as  appears  to 
be  the  case,  the  effects  of  substitution  became  appar¬ 
ent  after  5%  "impurity"  is  introduced,  then  one  would 
have  to  have  averaging  over  a  rather  large  number  of 
centers  in  the  relevant  excited  state.  Otherwise,  one 
might  expect  the  development  of  one  or  more  "inter¬ 
mediate"  bands,  along  with  a  band  corresponding  to  the 
major  component,  in  the  earlier  stages  of  substitu¬ 
tion  (5,16). 


General  Discussion 

The  overall  picture  that  emerges  here  is  one  of 
a  strong  parallelism  in  the  optical  phenomena  observed 
for  all  of  the  closely  stacked  crystals  discussed. 
Thus,  in  the  glyoximates,  the  Magnus'  salts,  and  the 
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Figure  11.  Variation  of  position  of  the  out-of-plane  reflectivity  maximum  as 
a  function  of  BaPt(CN)i  ■  4H content  in  mixed  crystals  of  the  form 
Ba[Ni(CN),,fx[Pt(CN),,],_K  ■  411,0. 
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cyanides,  one  finds  for  the  metal-separation  dependent 
out-of -plane  band: 

1)  Similar  behavior  with  respect  to  relative 
position  as  a  function  of  the  central  metal 
ion  involved  ( 14, 16, 18) . 

2)  Similar  behavior  with- respect  to  increasing 
metal-metal  separation  (3,10,18). 

3)  Similar  behavior  when  mixed- crystals  are 
studied  (14,15,18).* 

These  observations  provide  a  convincing  case  for 
the  proposition  that  one  is  dealing  with  basically 
the  same  kind  of  transition  in  each  instance.  If  one 
accepts  the  various  arguments  presented  in  the  fore¬ 
going  sections,  this  transition  becomes  identified  as 
a  highly  perturbed  dz2  — •>  pz  promotion. 

As  was  remarked  in  connection  with  the  mixed 
Magnus'  salt  studies,  it  is  tempting  to  view  this  as 
a  situation  in  which  one  is  essentially  involved  with 
a  chain  of  interacting  metal  atoms  and  to  deemphasize 
the  role  of  ligands  in  attempting  to  understand  the 
phenomena  being  dealt  with.  That  this  would  be  an 
oversimplification  becomes  clear  when  one  recognizes, 
for  instance,  that  Magnus'  green  salt,  with  a  Pt-Pt 
distance  of  3.25  A  (17),  has  its  strong  out-of-plane 
absorption  located  a"E34.5  kK  (10),  while  the  compar¬ 
able  absorption  in  BaPt(CN)h *4Ho0,  which  possesses  a 
Pt-Pt  separation  of  3.27  £,  occurs  at  22.6  _kK  ( l£,  3^) . 
Similarly,  the  strong  out-of-plane  absorption  band  ror 
(3-NiEMG  occurs  at  20.5  kK  (3)  and  the  analogous  band 
in  BaNi(CN)i|*4H20  is  observed  at  27-2  kK  (lo),  in 
spite  of  approximately  equal  metal-metal  separations 
(3,21).  Finally,  one  may  note  that  the  ortho¬ 
rhombic  form  of  Ni(ll)  N-methylsalicylaldiminate, 
whose  structure  is  similar  to  NiDMG  and  has  a  metal- 
metal  spacing  of  3-30  A  (22),  shows  no  band  analogous 
to  the  NiDMG  green  band  throughout  the  visible  and 
quartz  ultraviolet  (23) •  Thus,  the  nature  of  the 
ligand  appears  to  play  an  important  role  in  the  ener¬ 
getics  and  even  the  formation  of  the  out-of-plane  band 
of  special  interest  here. 

The  specific  nature  of  the  solid  state  pertur¬ 
bation  operative  in  these  systems  is  as  yet  not  de¬ 
termined  with  any  certainty.  Early  speculations  on 


*Preliminary  studies  on  single-crystals  of  the  mixed 
dimethylglyoximates  (20)  show  that  the  behavior  here 
parallels  that  found  for  the  mixed  Magnus '  salts  and 
the  Pt(II)  and  Ni(II)  cyanide  mixed  crystal  with  x 
equal  approximately  0.5  in  Equation  5- 
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the  electronic  structure  of  these  compounds  (24) 
invoked  band  formation  involving  the  highest  Tilled 
dz2  and  the  lowest  empty  pz  orbitals  on  the  metal  ions 
making  up  the  chains ,  and  some  of  the  latest  work  in 
this  area  continues  these  ideas  (25)*  Alternate  pro¬ 
posals  (^5,6,  16,26)  have  been  made  in  which  electro¬ 
static  perturbations,  excitonic  interactions,  and 
charge-transfer  effects  are  invoked,  and  in  some  cases 
the  d  — >  p  assignment  to  a  greater  or  lesser  extent 
challenged.  The  experimental  information  now  on  hand 
makes  it  unlikely  that  an  elementary  application  of 
any  of  these  approaches  will  adequately  account  for 
all  the  observations,  although  each  of  them  can  be 
discussed  in  terms  of  a  perturbed  d  — •>  p  transition. 
For  instance,  band  theory  for  MGS  (25)  predicts  sepa¬ 
rate  dz2  bands  and  separate  pz  bands  for  the  anionic 
and  cationic  species,  and  thus  more  than  one  electron¬ 
ic  transition.  Even  if  one  invokes  lack  of  spectro¬ 
scopic  resolving  power  as  the  reason  for  the  failure 
to  observe  more  than  one  transition,  such  arguments 
will  not  apply  to  the  mixed-crystal  experiments. 
Similarly,  in  addition  to  having  to  invoke  in  a  some¬ 
what  ad  hoc  manner  some  extremely  large  second-order 
effect's  to"  explain  the  intensity  behavior  in  the 
glyoximates  and  cyanides,  it  does  not  appear  that 
exciton  theory  will,  at  least  in  a  straight-forward 
manner,  account  for  the  mixed-crystal  results.  Com¬ 
ments  similar  to  those  regarding  the  exciton  mechanism 
apply  to  that  of  charge-transfer. 

The  foregoing  remarks  are  not  meant  to  imply  that 
exciton  effects,  charge-transfer,  and/or  band  forma¬ 
tion  will  not  figure  in  the  final  explanation  of  the 
optical  properties  of  these  systems.  At  this  point 
all  one  can  say  is  that  none  of  them  obviously  and 
clearly  explains  the  observations,  and  more  sophisti¬ 
cated  approaches  appear  to  be  required.  Whether  one 
or  a  combination  of  the  old  approaches,  or  a  totally 
new  one,  will  prove  adequate  remains  to  be  seen.  In 
any  case,  a  sufficient  amount  of  experimental  evidence 
now  exists  to  provide  rather  critical  qualitative  and 
quantitative  tests  for  any  proposals  that  are  put 
forward. 
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The  Single  Crystal  Polarized  Reflectance  Spectra  and 
Electronic  Structures  of  Rh(CO)2acac  and  Ir(CO)2acac 

THOMAS  A.  DESSENT  and  RICHARD  A.  PALMER 
Duke  University,  Durham,  N.C.  27706 

SALLY  M.  HORNER 

Meredith  College,  Raleigh,  N.C.  27602 

Introduction 

O 

Among  square  planar  d°  complexes  it  might  be  ex¬ 
pected  that  those  of  the  lowest  formal  metal  valence 
(in  the  absence  of  "partial  oxidation" (l_) )  would  ex¬ 
hibit  the  most  striking  evidence  of  extended  metal- 
metal  interaction.  This  prospect  was  borne  out  in  1966 
by  the  work  of  Pitt  and  others  (g) ,  who  first  document¬ 
ed  the  anisotropic  electrical  conductivity  of  dicar¬ 
bonyl  acetylacetonato-rhodium(l)  and  -iridium(l). 

As  illustrated  in  Figure  1,  these  compounds  cry¬ 
stallize  (as  do  many  of  their  analogs  discussed  in  this 
Symposium)  with  the  planar  molecules  stacked  parallel 
to  each  other  in  chains  and  short  metal-metal  distances. 
The  compounds  were  first  prepared  by  Bonati  and 
Wilkinson  (3),  and  the  crystal  structure  work  by  Bailey 
et  al  (4J,  has  shown  the  two  structures  to  be  isomor- 
phous,  with  a  3-§6A  M-M  separation  for  the  rhodium  com¬ 
pound  and  a  3.20A  separation  for  the  iridium  compound. 
The  space  group  is  PI  with  Z  =  2.  The  molecular  sym¬ 
metry  is  C2Vj  although  the  site  symmetry  is,  of  course, 
only  C]^.  Pitt  found  the  dc  electrical  conductivity  of 
single  crystals  to  be  100  times  greater  along  the  M-M 
direction  than  perpendicular  to  it  for  the  rhodium  com¬ 
pound  and  500  times  greater  for  the  iridium  compound 
(2_)  .  He  suggested  that  we  might  try  to  determine  the 
polarized  single  crystal  electronic  spectra  as  an 
adjunct  to  the  electrical  measurements,  but  it  was 
obvious  at  a  glance,  from  the  lustrous,  metallic  appear¬ 
ance  of  the  crystals,  that  absorptivities  in  excess  of 
1CP  were  involved,  which  would  preclude  consideration 
of  single  crystal  absorption  techniques.  However,  the 
success  of  Anex  (5.1  in  deriving  polarized  single  cry¬ 
stal  absorption  spectra  from  specular  reflectance  mea¬ 
surements  suggested  that  this  might  be  a  useful  tech- 
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nique  to  try  in  this  instance.  We  have  constructed 
equipment  for  this  purpose  and  the  results  of  our  mea¬ 
surements  on  these  rhodium  and  iridium  complexes  form 
the  basis  for  this  paper. 


Single  Crystal  Micro  Specular  Reflectance  Attachment 
for  the  Cary-1?R 


Figure  2A  shows  a  schematic  diagram  of  our  polar¬ 
ized  micro  specular  reflectance  attachment  for  the 
Cary  l4R  spectrophotometer.  We  chose  to  base  the 
equipment  on  a  high  quality  spectrophotometer  rather 
than  starting  "from  scratch",  in  order  to  take  advan¬ 
tage  of  the  inherent  long  term  stability  of  the  double 
beam  instrument  and  its  high  resolution  scanning  mono- 
cromator.  The  attachment  fits  within  the  extended  cell 
compartment  of  the  Cary  14R;  it  is  not  attached  to  the 
compartment,  but  is  placed  within  it  and  aligned  by 
screws  vertically  and  horizontally.  Once  aligned,  the 
accessory  can  be  taken  out  and  replaced  without  further 
alignment.  As  shown  in  Figure  2A,  the  monochromatic 
light  beam  enters  from  the  signal  generator  compartment 
through  a  calcite  Glan-Thompson  polarizer  (P)  in  the 
left  wall  of  sample  compartment,  passes  through  a 
quartz  substrate  beam  splitter  (BS)  and  is  focused  on 
the  surface  of  the  sample  (S)  by  a  36X  Cassegrain 
microscope  objective  (0).  The  sample  is  aligned  by  a 
goniometer  (G)  so  as  to  reflect  the  beam  back  through 
the  objective.  The  light  thus  impinges  on  the  crystal 
at  nominally  normal  incidence.  The  reflected  Intensity 
strikes  the  beam  splitter  and  that  which  is  reflected 
is  directed  by  plane  mirrors  (Ml,  M2,  M3)  back  into  the 
normal  path  for  the  instrument  and  thus  to  the  detec¬ 
tor.  Concurrently  the  reference  beam  is  attenuated  by 
neutral  density  filters  and  an  iris  diaphram  so  as  to 
balance  the  beams  within  the  range  of  the  slide  wire. 

In  order  to  avoid  back  reflection  from  the  central 
mirror  of  the  Cassegrain  optics,  the  objective  is  used 
in  an  off  axis  orientation,  as  illustrated  in  Figure 
2B.  The  design  of  this  equipment  is  very  similar  to 
that  used  previously  by  Anex  (5.)  except  that  it  is  an 
easily  interchangeable  accessory  to  an  existing  in¬ 
strument.  It  is  described  more  completely  elsewhere  (6). 


The  Electronic  Structure  of  Planar  d®  Complexes 


O 

For  a  planar  C2v  d°  complex  the  orientation  of  the 
axes  given  in  Figure  1  leads  to  the  highest  filled  d 
orbital  being  the  d x2_v2  (&i  in  C2y)  and  the  lowest 
unfilled,  the  dxy  (d2  In  C2V) •  This  orientation  em- 
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Figure  1.  Molecular  structure  and  crystal  packing 
of  M(CO)iacac 


A 


Figure  2.  Single  crystal  microspecular  reflectance  attachment  for 

the  Cary  14R  spectrophotometer.  (A)  Incident  ( - )  and  reflected 

( - )  light  paths.  (B)  Orientation  of  light  path  with  respect  to 

objective  axis. 
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phasizes  the  importance  of  the  metal-metal  interaction 
and  is  the  same  as  that  used  by  Martin  (7.)  recently  in 
his  analysis  of  the  spectrum  of  the  analogous  Pt(en)Cl£. 
In  such  a  molecular  system  one  might  expect  to  observe 
several  types  of  transitions,  including  ones  localized 
on  the  metal,  others  involving  transfer  of  electron 
density  from  the  metal  to  the  ligands  and  visa  versa, 
and  still  others  localized  on  the  ligands.  Some  of 
these  are  illustrated  in  Figure  3  along  with  the  sym¬ 
metry  properties  of  the  excited  states  and  the  mole¬ 
cular  axis  along  which  each  would  be  allowed.  The 
ground  state  is  of  course  ^A]_  in  these  diamagnetic 
compounds . 

Results  and  Discussion 


Solutions  of  Rh(C0)2acac  and  Ir(C0)oacac  are  only 
faintly  colored,  in  marked  contrast  to  the  lusterously 
opaque  solids.  The  spectra  of  the  two  compounds  in 
chloroform  solution  are  shown  in  Figure  4.  The  resol¬ 
ution  is  not  very  inspiring,  but  in  both  spectra 
essentially  the  same  pattern  is  observed;  that  is, 
three  strong  bands,  each  accompanied  by  a  weaker 
shoulder.  Although  it  is  possible  that  some  ligand- 
ligand  bands  are  involved  here — particularly  in  the  33 
kK  region  (8_) — these  bands  might  otherwise  logically 
be  assigned  to  either  d-d  or  charge  transfer  transi¬ 
tions.  In  terms  of  metal  localized  transitions  the 
three  stronger  bands  would  be  the  three  spin-allowed, 
symmetry -allowed  bands  and  the  shoulders,  the  spin- 
forbidden  counterparts.  However,  observations  on 
Pt(ll)  complexes  would  suggest  that  the  spin-forbidden 
bands  should  be  expected  at  considerably  lower  energy 
than  those  observed  here .  Charge  transfer,  on  the 
other  hand,  appears  a  much  more  likely  explanation — 
at  least  for  the  more  prominent  features  at  30.5  and 
39.0  kK  for  the  rhodium  complex  and  29.2  and  39.2  kK 
for  the  iridium  complex.  (The  region  around  33  kK 
likely  involves  an  acac  transition,  though  the  differ¬ 
ence  in  absorptivity  and  band  shape  between  the  two 
compounds  may  indicate  a  third  prominent  charge  trans¬ 
fer  transition  here  also.)  The  larger  size  of  the 
iridium  would  predict  lower  energy  charge  transfer  than 
in  the  rhodium  analog,  whereas  the  d-d  transitions 
would  be  expected  at  higher  energy.  Thus,  the  rela¬ 
tively  low  energy  of  the  iridium  bands  favors  the 
charge  transfer  assignment.  These  tentative  assign¬ 
ments  are  summarized  in  Table  1. 

Before  we  completed  our  specular  reflectance 
accessory  we  attempted  to  quantify  the  intense  absorp- 
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Figure  4.  Solution  spectra  of  M(CO)iacac 


Figure  3.  One- 
electron  transitions 
in  M(CO)t  acac.  + 
applies  only  to  sin¬ 
glet  excited  states. 
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TABLE  1 


m(co)2 

acac  SOLUTION 

SPECTRA 

M  = 

Rh 

M  = 

Ir 

Assignment 

Energy  (kK) 

emax 

Energy  (kK) 

e 

max 

27.0 

500 

26.5 

500 

d-+d 

30.5 

4000 

29.2 

3000 

d-VL-rr 

32.0 

500 

31.9 

200 

d-*d 

33.8 

2000 

33.8 

2500 

d-VLn 

35.5 

800 

36.3 

200 

d-*d 

39.0 

4500 

39.2 

3000 

d-+Lir 

tion  of  these  compounds  in  the  solid  phase  giving  rise 
to  the  metallic  luster,  by  measuring  the  spectra  of 
mulls  and  KBr  pellets.  The  mull  spectra  were  of  rather 
poor  quality  and,  although  the  KBr  disks  did,  in  fact, 
reveal  a  strong  visible  band  in  both  compounds  between 
14  and  20  kK,  the  results  from  run  to  run  were  not 
reporducible  and  gave  evidence  of  decomposition  during 
preparation — particular  when  the  samples  were  ground  in 
the  presence  of  oxygen.  Furthermore,  the  polarization 
properties  of  the  solid  state  band  or  bands  were  of 
course  not  available  from  these  nonoriented  samples. 

From  material  generously  supplied  by  Pitt  we  were 
able  to  grow  high  quality  single  crystals  of  both  com¬ 
pounds  with  faces  of  ca.  1  mm  square.  The  rhodium 
crystals  were  grown  by  slow  sublimation  at  reduced 
pressure  and  the  iridium  crystals,  by  slow  evaporation 
of  acetone  solutions. 

In  Figure  5  is  shown  the  polarized  specular  re¬ 
flectance  electronic  spectrum  of  Rh(C0)2acac  measured 
in  the  Cary  14r.  The  most  prominent  feature  is  the 
intense  z-polarized  band  at  19. 1  kK.  in  Figure  6  we 
see  the  analogous  data  for  the  iridium  compound.  Again 
the  most  prominent  feature  of  the  spectrum  is  the  z- 
polarized  band  in  the  visible.  It  is  at  lower  energy 
than  in  the  rhodium  analog — so  low  in  fact  that  it  is 
the  lowest  energy  band  observable  within  the  range  of 
the  GaAS  detector. 

The  data  were  obtained  by  substracting  the  appar¬ 
ent  absorption  of  the  instrument  with  the  reference 
mirror  in  the  sample  position  (&ref)  from  that  with 
the  crystal  in  position  (A^ygt),  with  all  other  con¬ 
ditions  the  same.  The  reflectance  R  of  the  crystal  is 
then  given  by 

RcrystU)  =  Rrsf(ui)xlO-(Acryst-Aref)  (l) 
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Figure  5.  Polarized  single  crystal  specular  reflectance  spectrum  of 
RhfCOfgacac 


kK 

Figure  6.  Polarized  single  crystal  specular  reflectance  spectrum  of 

Ir(CO)2acac 
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Rref(<“)  was  determined  by  Planar  Optics  over  the  range 
5-50  kK.  Data  points  were  taken  manually  from  the  Cary 
recorder  chart  and  fed  into  a  PDP-15  computer  which 
calculated  the  Rcrvst(iu)  and  plotted  reflectance  vs. 
energy  spectra  (programs  PSRC,  SRI,  FIXR  and  PLOTR) .  A 
values  used  were  the  average  of  3-5  runs  on  different 
crystals.  The  standard  deviation  of  the  raw  data  was 
normally  <  5$  except  in  the  high  energy  region  (<40kK) . 

The  reflectance  data  were  used  as  input  to  a  pro¬ 
gram  (KRAMER)  which  calculated  the  phase  shift  and  from 
this  the  other  necessary  optical  constants  n_,  k,  and  _e_. 
The  methods  used  are  similar  to  those  reported  by  Anex 
(5_)  and  by  Stern  (9_)  and  others  and  amount  to  a 
Kramers -Kronig  analysis.  In  such  a  calculation  the 
phase  shift  0  depends  on  the  reflectance  at  all  values 
of  u)  from  -®  to  +®,  and  thus  some  estimation  of  the 
reflectance  at  energies  higher  and  lower  than  the 
region  of  observation  (11-40  kK)  is  necessary.  Sev¬ 
eral  procedures  have  been  used  to  make  this  extrapo¬ 
lation,  including  setting  the  reflectance  outside  the 
measurement  interval  equal  to  an  adjustable  constant 
( 10)  or  an  exponential  function  (9.),  or  generating  a 
dummy  band  in  one  or  both  of  the  outlying  regions  (5). 

We  found  a  modification  of  Stern's  exponential 
method  (£)  most  satisfactory.  In  this  method 

R  =  R-^  ( oj/u)-^ ) P  o>  <  u>i  ( 2a ) 

R  =  R2  (u^/uj)^  a;  >  u)2  (2b) 


where  R^  and  uin  refer  to  the  reflectance  and  energy  at 
the  lower  limit  of  the  measurement  interval,  and  R2 
and  ujg)  to  the  corresponding  values  at  the  upper  limit. 
The  values  of  the  phase  shift  for  cd  below  the  measure¬ 
ment  Interval  (0^),  in  the  interval  (02),  and  above  it 
(0o)  are  then 
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From  equation  (3)  values  of  6  =  @1+02+63  were  calcu¬ 
lated  using  values  of  the  parameters  p  and  q  empiri¬ 
cally  chosen  according  to  the  following  criteria: 

(a)  0  is  positive  on  the  interval  u>i  <  u>  < 

(b)  the  calculated  extinction  coefficient,  k,  is 
nearly  zero  in  the  neighborhood  of  uq; 

(c)  the  smallest  possible  values  of  p  and  q  are 
used  to  obtain  the  conditions  in  (a)  and  (b). 

Criterion  (b)  was  established  because  it  was  assumed 
that  the  complexes  studied  are  nearly  transparent  in 
the  neighborhood  of  ( ca.  11  kK).  Criterion  (c)  was 
established  so  that  trie  calculated  results  would  have 
the  least  possible  dependence  on  the  empirical  para¬ 
meters.  No  workable  criterion  could  be  established  for 
choosing  the  high-frequency  parameter,  q.  It  was  ex¬ 
pected  that  the  complexes  would  have  rather  strong 
absorption  bands  beyond  the  high-frequency  cutoff,  tup 
(ca.  45  kK),  and  it  was  impossible  to  guess  the  magni¬ 
tude  of  the  phase  change  which  would  be  imparted  by 
these  bands.  Since  the  calculated  value  of  0  near  uq 
could  be  widely  varied,  depending  on  the  value  q 
chosen,  not  much  confidence  can  be  placed  in  the  mag¬ 
nitude  of  0  above  30  to  35  kK.  The  shape  of  the  curve 
was  not  changed  to  an  appreciable  extent,  however,  by 
wide  variation  of  q;  therefore  the  general  features  of 
the  calculated  spectra  are  valid. 

Once  suitable  values  of  0  were  established,  the 
refractive  index,  n,  and  the  extinction  coefficient,  k, 
were  calculated,  and  lastly,  values  of  the  molar 
absorptivity,  e,  were  computed  from  k  by  the  following 
expression: 


e(  tu) 


4ttuM  uj) 

2.303M 


(4) 


where  <u  is  the  frequency  in  cm  and  M  is  the  concen¬ 
tration  of  the  crystalline  complex  in  moles  per  liter. 

Figure  7  shows  the  derived  molar  absorptivity  of 
Rh(C0)2acac.  Four  bands  are  evident,  the  most  promi¬ 
nent  being  at  19.I  kK  with  an  e  of  15xl(P,  allowed,  as 
noted  before,  only  along  the  metal-metal  axis  (z).  Of 
particular  interest  also  are  the  two  lower  energy  bands 
at  14.6  and  15.4  kK,  one  xy,  the  other  z  polarized. 
Although,  as  Anex  (ll)  has  pointed  out,  spurious  bands 
are  often  observed  adjacent  to  regions  of  high  reflec¬ 
tivity,  it  is  interesting  to  note  in  this  case  a  band 
is  observed  in  the  xy  polarization  even  though  there 
is  no  adjacent  region  of  high  reflectivity  in  that 
orientation  of  the  polarizer.  The  fourth  band  is  also 
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xy  polarized  and  is  seen  at  32.5  kK. 

Figure  8  shows  the  corresponding  results  for  the 
iridium  analog.  In  this  spectrum  only  the  strong  z- 
polarized  band  at  17.6  kK  seems  to  be  well  defined. 

This  is  almost  certainly  analogous  to  the  19.1  band  of 
the  rhodium  crystal.  Because  of  the  low-energy  limit 
of  the  detector  it  was  not  possible  to  cover  the  region 
where  weaker  bands  corresponding  to  the  14.6  and  15.4 
kK  bands  of  the  rhodium  compound  were  observed. 

In  assigning  these  spectra,  either  a  molecular  or¬ 
bital  band  model  or  an  exciton  model  is  possible.  Both 
of  these  models  are  considered  in  detail  in  other 
papers  in  this  symposium  with  reference  to  closely  ana¬ 
logous  "square  planar"  complexes.  Our  own  considera¬ 
tion  of  these  possibilities  led  us  first  to  estimate 
the  gap  which  might  develop  between  a  filled  dz2  mole¬ 
cular  orbital  band  and  an  empty  p„  band.  The  orbital 
energies  were  calculated  by  a  modified  Wolfsberg- 
Helmholtz  scheme.  In  the  absence  of  available  mole¬ 
cular  orbital  overlap  integrals,  the  overlaps  were 
based  on  atomic  orbitals.  These  relatively  crude  cal¬ 
culations  lead  to  estimated  band  widths  for  the  rhodium 
dz2  and  p  bands  of  6  and  50  kK,  respectively,  with  a 
band  gap  of  26  kK.  For  the  iridium  compound  the  pz 
band  width  is  estimated  to  be  13$  smaller,  but  the  dz2 
band  width,  50$  greater,  leading  to  an  appreciably 
smaller  band  gap  than  in  the  rhodium  complex.  This 
would  predict  lower  transition  energy  and  greater  con¬ 
ductivity  for  the  iridium  compound,  in  agreement  with 
observation.  Although  the  size  of  the  estimated  band 
gaps  is  reasonable  compared  to  the  19. 1  and  17.6  kK 
energies  of  the  prominent  bands,  this  model  offers  no 
explanation  for  the  lower  energy  bands  observed  in 
the  rhodium  compound.  Presuming  that  these  bands  are 
not  artifactual,  this  is  a  serious  drawback  to  the 
simple  MO  model. 

The  above  considerations  led  us  to  explore  the 
predictions  of  an  exciton  model.  Martin  (7.)  has 
recently  presented  arguments  for  assigning  the  solid 
state  bands  in  Pt(en)Cl2  to  both  Frenkel  and  ionic 
exciton  transitions.  Assuming  the  same  basic  dipolar 
model  (7).  one  should  expect  in  these  rhodium(l)  and 
Iridiumtl)  complexes  also  that  Frenkel  exciton  states 
based  on  z-polarized  bands  in  the  isolated  molecule 
should  be  shifted  £a.  12  kK  to  lower  energy.  The  ab- 
sorptivities  of  the  prominent  z-polarized  bands  of  ca. 
15x100  are  just  three  times  those  of  the  solution 
spectral  transitions  at  30.5  and  29.2  kK  for  rhodium 
and  iridium,  respectively.  This  is  the  required  rela¬ 
tionship  between  the  intensities  of  the  z-polarized 
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Figure  8.  Molar  absorptivity  of  Ir(CO)^acac  derived  from  specular  reflectance 
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spectrum  and  those  of  the  solution  spectrum,  and 
supports  the  assignment  of  these  bands  to  Frenkel  ex- 
citons  based  on  the  dx2_y2  (ai  )  -»  L  transitions 

in  the  isolated  molecules,  with  Davydov  splittings  of 
11.4  and  11.6,  respectively. 

Turning  to  the  weaker  transitions  in  the  rhodium 
crystal,  we  might  consider  first  those  at  higher  energy 
than  the  19.1  kK  band.  Those  at  32.5  and  ca_.  40  kK 
appear  most  likely  to  be  unperturbed  molecular  transi¬ 
tions.  The  tail  on  the  high  energy  side  of  the  19-1  kK 
band  could  conceivably  be  due  to  spin-forbidden  d-d 
transitions  which  gain  intensity  by  spin  orbit  coupling 
and  excited  state  mixing  with  the  exciton  band. 

The  two  bands  which  appear  at  14.6  kK  (z)  and  15.4 
kK  (xy)  are  more  difficult  to  rationalize.  The  z- 
polarized  band  may  also  be  associated  with  a  Frenkel 
exciton  state,  based  perhaps  on  the  d  -»  L  transition 
at  27.0  kK.  However,  since  a  Davydov  splitting  can 
only  increase  the  energy  of  an  xy-polarized  transition, 
the  band  at  15.4  kK  cannot  be  the  result  of  a  Frenkel 
state.  On  the  other  hand,  it  could  be  due  to  an  ionic 
exciton  state  similar  to  those  described  by  Martin  (7) 
for  Pt(en)Cl2.  Such  states  involve  excitation  of  an 

.  '  orbital  on  one  mole- 

adjacent  molecule. 
„)  is  y-polarized  and 
ransition  is  derived 
from  the  32.0  kK  d-d  band  in  the  solution  spectrum,  the 
observed  shift  is  16.6  kK,  which  is  within  reasonable 
bounds.  The  assignments  of  the  crystal  spectra  are 
summarized  in  Table  2. 

Although  the  possibility  of  confirming  additional 
ionic  exciton  states  as  described  above  is  appealing, 
and  the  flexibility  of  the  exciton  model  offers  rea¬ 
sonable  explanations  for  all  the  features  of  these 
spectra,  if  further  investigation  should  show  that  the 
lower  energy  bands  in  Rh(C0)2acac  are  (as  Anex  ( ll)  has 
suggested)  artifactual,  the  apparent  advantage  of  the 
exciton  model  over  the  molecular  orbital  model  would 
be  considerably  diminished. 


electron  irom  a  liiied  dxz  or  dyz 
cule  to  an  empty  dxy  orbital  on  an 
One  of  these  excitations  (dx„  ■*  d* 
the  other,  x-polarized.  If  this  t 
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TABLE  2 


M(C0)2acac  SINGLE  CRYSTAL  ABSORPTIVITY  (DERIVED) 
Energy  (kK)  emaxU)  emax(xy) 

M  =  Rh 


m~E 

1000 

— 

d-*d  Frenkel  exciton 

15.4 

— 

720 

d-*d  Ionic  exciton 

19.1 

14000 

— 

d^Lyj  Frenkel  exciton 

24 

1000 

-- 

d-*d  Spin  forbidden(?) 

32.5 

-- 

3500 

d-»Ln 

40 

— 

1000 

d-*L 

TT 

M  =  Ir 

WTE 

15000 

-- 

d-»Ln  Frenkel  exciton 
d-*d  Spin  forbidden(?) 

22 

— 

1400 

25 

4000 

-- 

9 

35 

5000 

2000 

cULn  (?) 
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Abstract 


A  simple  band  model  deduced  from  the  one-electron 
metal  functions  split  by  an  electric  field  of  the  li¬ 
gands  can  be  successfully  used  as  a  guideline  in  the 
directed  synthesis  of  linear  chain  transition  metal 
complexes  with  strong  intermolecular  interactions. 
One-dimensional  metallic  behaviour  can  be  found  for 
instance  in  planar  transition  metal  compounds  with 
8  d-electrons  but  only  if  small  and  strongly  E-elec¬ 
tron  accepting  equatorial  ligands  are  used ._ Suitable 
ligands  are  carbonyl  and  isonitrile  groups  in  connec¬ 
tion  with  iridium(I)  and  rhodium(I)  ions.  I.r., 
^-n.m.r.,  195pt-n.m.r . ,  e.s.r.,  u.v.  and  I93ir- M5J3- 
bauer  spectra  show  that  increasing  bulkiness  and  in¬ 
creasing  electron  donating  properties  of  the  ligands 
considerably  decrease  the  strength  of  the  intermole¬ 
cular  metal  interactions.  A  jlanar  transition  metal  com¬ 
plex  with  less  than  8  d-electrons  per  metal  should  be 
far  better  suited  for  the  formation  of  Id-metals.  But 
because  of  the  strong  Lewis  acid  activity  of  these 
compounds  the  donating  solvent  molecules  occupy  the 
axial  positions  of  the  central  metal  atom  and  hence 
prevent  the  self-association  necessary  for  the  buil¬ 
ding  up  of  a  linear  chain.  Preparative  procedures  to 
overcome  these  problems  are  proposed.  The  structure 
and  chemical  properties  of  one  of  the  obtained  "mixed 
valence"  solids  which  contains  a  linear  I?-chain  addi¬ 
tionally  is  especially  interesting  since  two  non  de¬ 
generate  conduction  spines  are  running  closely  paral¬ 
lel  to  each  other  through  the  lattice. 

I.  Introduction 


Very  recently  it  was  shown  by  a.c.  and  d.c.  con 
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ductivity  measurements  as  well  as  by  optical.  X-ray 
and  neutron  scattering  experiments  that  at  least  one 
of  the  many  linear  chain  metal  complexes  -  a  platinum 
complex  of  stoichiometry  K2 [Pt (CN) 4]Br0 t 3  •  3H2O  -  be¬ 
haves  like  a  one-dimensional  metal  at  room  temperature 
( 1 ) .  While  the  evidence  for  a  ld-metallic  state  in 
this  "mixed  valence"  platinum  system  at  room  tempera¬ 
ture  is  overwhelming  and  widely  accepted,  the  inter¬ 
pretation  of  the  phase  transitions  which  occur  at  lo¬ 
wer  temperatures  and  which  destroy  the  ld-metallic 
state  seems  to  be  controversial.  This  controversy  mo¬ 
tivates  the  search  for  other  ld-metallic  transition 
metal  complexes . 

In  order  to  study  the  aptitude  of  linear  metal 
chain  compounds  to  form  ld-metals,  first  principles 
must  be  developed  to  direct  a  synthesis  of  the  best 
suited  molecules  for  building  up  linear  ld-metallic 
chains.  This  problem  with  respect  to  the  highly  con¬ 
ducting  organic  charge  transfer  salts  of  the  "TCNQ" 
type  was  recently  discussed  by  Heeger  and  Garito  ( 2 ) 
and  will  be  outlined  in  the  following  sections  using 
planar  metal  complexes  as  lattice  elements.  These 
planned  syntheses  give  rise  to  the  following  questions: 
"Which  kind  of  molecular  parameters  of  the  individual 
elements  govern  the  properties  of  these  solids?"  and 
"What  special  rules  can  be  set  up  to  prepare  suitable 
compounds  in  a  systematic  way?"  In  order  to  find  such 
rules  for  the  synthesis  of  tailor-cut  molecules,  the 
electronic  structure  of  planar  transition  metal  com¬ 
plexes,  which  crystallize  preferably  in  columnar 
stacks  with  direct  metal  contacts,  has  to  be  investi¬ 
gated  . 

II.  Electronic  structure  of  suitable  metal  complexes 

The  intermolecular  contacts  in  the  known  linear 
chain  metal  compounds  with  direct  metal-metal  bonds 
are  brought  about  mainly  by  the  central  metals  d-elee- 
trons .  Though  most  of  the  complexes  have  covalently 
bonded  ligands  an  overlap  of  d-functions  of  the  cen¬ 
tral  metal  ions  with  appropriate  ligand  functions  can 
be  omitted  in  a  first  approximation,  to  keep  the  model 
as  clear  as  possible.  A  very  simple  and  perhaps  over¬ 
simplified  pure  crystal  field  approach  can  be  used  to 
explain  the  electronic  structure  of  the  solids.  The 
central  metal  ions  of  planar  transition  metal  com¬ 
plexes  residing  in  columnar  stacks  are  exposed  to  a 
tetragonally  distorted  octahedral  ligand  field  (fig.l) 
exerted  by  the  four  equatorial  ligands  and  the  two  ad¬ 
jacent  metal  ions  in  the  axial  positions.  The  degree 
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dxy 

_ _ _ U7777. 


dxy,  dyz 


Figure  1.  Energies  of  d -electrons  in  a  one¬ 
dimensional  linear  chain  As-configurated  tran¬ 
sition  metal  complex 
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of  tetragonal  distortion  depends  on  the  relative 
"strength"  of  the  axial  and  equatorial  ligand  groups. 
Equal  strength  of  axial  and  equatorial  ligands  results 
in  an  "octahedral"  field  with  degenerate  d  2  -and 
dx2_y2  -levels.  If  intermolecular  interactions  are 
included  bands  are  obtained  the  width  of  which  depends 
upon  the  degree  of  overlap  between  the  one  electron  d- 
functions.  The  best  intermolecular  overlap  is  assumed 
between  the  dz2-functions ,  while  the  orbitals  locali¬ 
zed  mainly  in  the  complex  plane  are  less  suited  for 
interactions  and  therefore  give  very  small  bands.  Par¬ 
ticipation  of  ligand  orbitals  could  be  added  easily  if 
necessary  but  would  not  give  a  qualitatively  different 
picture.  This  model  could  in  contrast  to  earlier  pro¬ 
posed  energy  level  diagrams  ( 3 ,  4 )  give  a  more  ade¬ 
quate  description  of  the  electronic  structure  of  these 
solids,  because  an  appreciable  mixing  of  metal  s-  and 
p-states  seems  fairly  unlikely  with  respect  to  the 
large  energy  differences  of  about  15  eV  involved  ( 5 ) ■ 
What  kind  of  consequences  can  be  drawn  from  this 
scheme^  This  question  is  first  answered  in  context 
with  d°-complexes .  Most  of  the  known  linear  metal 
chain  compounds  with  direct  metal-metal  contacts  con¬ 
tain  metal  ions  with  8  d-electrons  (4)  .  In  this  case, 
all  the  bands  are  filled  with  electrons  with  the  ex¬ 
ception  of  the  dx2_y2-band.  This  model  predicts  if  the 
tetragonal  distortion  is  appreciable  and  the  energy 
gap  AE  is  quite  large,  a  semiconducting  behaviour  and 
only  weak  intermolecular  interactions.  On  the  other 
hand  the  model  could  explain  ld-metallic  behaviour  of 
d°-compounds  as  well.  Strongly  electron  accepting  li¬ 
gands  will  decrease  the  energy  separation  between  the 
dz2-  and  dx2_y2-orbitals  and  the  energy  gap  would 
vanish  in  a  formally  "octahedral"  field.  The  former 
case  is  that  what  is  actually  found  in  most  known  li¬ 
near  chain  d°-metal  compounds.  But  this  model  clearly 
hints  at  the  strengthening  of  the  predicted  weak  inter¬ 
actions  in  d°-complexes  with  large  AE.  This  goal  could 
beachieved  if  it  is  possible  to: 

i)  diminish  the  energy  gap  between  the  dz2  and 
dx2_y2-bands  by  using  suitable  electron  accepting 
ligands, 

ii)  oxidize  transition  metal  complexes  crystallizing 
in  columnar  stacks,  so  the  filled  dz2-band  will 
be  depopulated  and  a  partially  occupied  band  re¬ 
sults  no  matter  how  large  AE  is, 

iii)  synthesize  linear  chain  metal  complexes  with  less 
than  8  d-electrons  per  metal  site. 
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III.  Choice  of  Spectroscopic  Methods  for  Identifica¬ 
tion  of  Co-operative  Phenomena 

After  having  set  up  rules  for  selecting  suitable 
compounds  there  remains  the  question  of  how  to  identi¬ 
fy  the  variation  of  intermolecular  interactions  in  dif¬ 
ferent  complexes  on  a  quantitative  basis.  It  is  neces¬ 
sary  to  find  spectroscopic  methods  which  are  able  to 
identify  intermolecular  interactions  and  to  classify 
their  strength.  The  methods  should  work  on  polycrys¬ 
talline  samples  since  the  preparation  of  large  single 
crystals  is  often  very  difficult. 

In  general,  the  usually  successful  spectroscopic 
methods:  optical,  e.s.r.,  n.m.r.,  e.g.  can  be  used  to 
identify  collective  electron  behaviour.  Especially  ob¬ 
vious  are  the  results  of  X-ray  structure  determination 
(M-M  distances)  and  of  optical  methods  in  the  visible 
and  near  infrared  region.  The  iitermolecular  interac¬ 
tions  cause  an  intense  electronic  transition,  which  in 
single  crystals  is  linearly  polarized  parallel  to  the 
direction  of  the  metal  chains  and  often  appears  as  a 
striking  anisotropic  metallic  lustre  in  cases  where 
strong  interactions  take  place  (1)  . 

There  are  two  methods  namely  n.m.r.  and  MoBbauer 
spectroscopy,  which  can  and  have  been  used  to  measure 
electron  density  at  the  position  of  metal  nuclei  in 
the  chain  and  so  should  be  able  to  identify  co-opera¬ 
tive  electronic  interactions.  Results  of  these  two 
methods  are  later  discussed  in  connection  with  the  iri¬ 
dium  and  platinum  compounds.  Other  methods;  e.s.r.  ar^d 
neutron  scattering  experiments  have  been  used  by  dif¬ 
ferent  groups  to  examine  the  collective  state  in  li¬ 
near  chain  compounds . 

IV.  Choice  of  suitable  transition  metal  compounds 

What  we  had  to  do  first  of  all  was  to  synthesize 
linear  chain  metal  compounds  with  moderate  intermole¬ 
cular  interactions,  to  vary  their  molecular  constitu¬ 
tion  systematically  and  to  investigate  their  changing 
solid  state  properties  by  spectroscopic  methods.  It  is 
reasonable  to  start  with  known  linear  chain  transition 
metal  complexes,  the  structure  of  which  are  proved  by 
X-ray  analysis.  On  these  selected  species  a  systematic 
variation  of  ligand  properties  by  preparative  chemical 
methods  could  be  achieved  without  major  structural 
changes.  The  properties  of  d°-compounds  were  investi¬ 
gated  firstly.  The  following  types  of  complexes  with 
linear  metal  chains  and  8  d-electrons  per  central  me¬ 
tal  ion  are  known: 
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1  Tetrahalogeno  metal  anions  of  the  type  [M  Xij]n- 
with  X  =  Cl",  Br,  CN~  like  [Pt  ( CN)  4 ]  2-  (3)  . 

2  Complex-cations  of  the  typ6 [M  L^]n+  with  L  a  mono- 
dentate  neutral  donor  like  NH3  or  isonitrile.  The 
cation  [Rh(CNR)lj]  +  is  a  simple  example  for  this 
group  of  compounds  ( 6 ,  7 ) • 

3  In  mixing  both  types  of  complexes  stacks  with  alter¬ 
nating  cations  and  anions  are  obtained  (Magnus' 

Green  Salt  e.g.)  ( 4 ,  8)  . 

4  Planar  dicarbonylmetal(I)  species  containing  the 
metals  rhodium  and  iridium.  To  this  group  belong 
the  numerous  derivatives  of  (Pentan-2,4-dionato) 
dicarbony liridium( I)  and  rhodium(I)  (9,  10,  11 ) . 

A  simple  compound  of  this  type  is  Ir(C0)^Cl  (12)  . 

5  Bis (or,ll-diondioximato )metal ( II )  complexes  ( 4T) 

6  Bis(maleodinitriledithiolato)metal(II)  compounds 

(13) . 

Other  known  special  examples  of  compounds  with 
columnar  structure  and  d^-central  metal-ions  are  clas¬ 
sified  into  one  of  the  above  groups. 

There  are  only  a  few  compounds  known  earlier 
which  could  be  classified  as  "mixed  valence"  compounds 
with  direct  metal-metal  interactions  and  are  as  fol¬ 
lows: 

The  most  famous  examples  are  the  "mixed  valence" 
solids  derived  from  the  platinum(II)  complex  ions 
[Pt(CN)4]2-  and  [Pt (C2O4 ) ?) 2"  (3)  ■ 

Halogenocarbonyliridium  and  possibly  rhodium  com¬ 
pounds  synthesized  firstly  by  Malatesta  ( 14 ) . 

Partially  oxidized  Bis  (of,  JJ-diondioximato ) metal  (II) 
compounds  containing  additional  linear  iodine  chains 
(15)  . 

V.  Systematic  Variation  of  Ligand  Parameters 

There  are  several  well-known  examples  of  the  va¬ 
riation  of  metal-metal  interactions  with  the  kind  of 
ligand.  The  compounds  K2PtCl4  and  its  derivatives  may 
be  used  as  a  simple  example  of  the  changes  which  can 
be  done  on  this  type  of  complexes  and  what  solid  state 
consequences  will  be  expected.  The  intermolecular  in¬ 
teractions  between  the  platinum  atoms  are  almost  zero 
in  solid  KpPtCl/j.  A  large  energy  gap  AE  causes  solid 
state  properties  to  show  no  sign  of  collective  elec¬ 
tron  behaviour.  Therefore,  the  intermolecular  platinum- 
platinum  distance  is  quite  large  (4,  13  A)  ( 16 )  .  How¬ 
ever,  as  pointed  out  in  the  described  crystal  field 
model,  the  intermetallic  interactions  can  be  enhanced 
heavily  by  using  more  electron  withdrawing  ligands  than 
chlorine;  especially  u-acceptors  (e.  g.  cyano-groups ) . 
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In  a  simple  energy  scheme  this  results  in  a  lowering 
of  the  energy  of  the  dx2_y2-band  diminishing  the  ener¬ 
gy  gap.  Actually  the  Pt-Pt-distances  in  [Pt ( CN ) 4 ] 2— 
compounds  are  considerably  decreased  and  some  of  the 
solid  state  properties  of  compounds  of  this  type 
clearly  show  the  effect  of  anisotropic  intermolecular 
interactions  ( 3 ) .  Comparison  of  different  solid  M2 
[Pt  ( CN ) 4  ]  or  M'  [Pt  (CN )  ]  species  points  out  that  at 
least  one  more  important  parameter  besides  the  "elec¬ 
tronic"  factor  has  to  be  considered,  the  steric  requi¬ 
rements  of  the  lattice  elements.  This  is  proved  by  the 
dependance  of  intermolecular  metal  interactions  on 
hydration  sphere  around  the  cations  ( 3 ) . 

Furthermore  the  interaction  can  be  enhanced  by 
adding  electrostatic  attraction  between  lattice  ele¬ 
ments  instead  of  repulsion  in  the  purely  anionic 
stacks  of  PtCli|2-.  Magnus'  Green  Salt  with  alternating 
[Pt  (NH3)  jj]  2+  and  PtClij2-  units  and  Pt-Pt  distances  of 
3.25  A  shows  considerably  enhanced  intermolecular  in¬ 
teractions  with  an  energy  gap  AE  of  about  0.7  eV  ( 17 ) . 

But  these  compounds  are  not  well  suited  for  our 
special  purpose.  In  order  to  find  a  relation  between 
the  electron  accepting  properties  -of  a  ligand  and  its 
sterical  requirements  on  one  side  and  the  degree  of 
intermolecular  electron  exchange  on  the  other  the  li¬ 
gands  have  to  be  varied  systematically  over  a  wide 
range  but  in  small  steps.  For  this  reason  we  prepared 
and  investigated  a  group  of  isonitrile  derivatives 
the  type  [Pt  (CNR)  4  ]  [PtClij  ]  with  R  =  aryl  and  varied 
the  ligands  systematically  by  using  different  substi¬ 
tuted  isonitriles  ( 18 )  .  As  expected  on  the  basis  of 
the  simple  model,  electron  withdrawing  groups  had  an 
effect  of  strengthening  the  metal-metal  interactions 
and  hence  the  co-operative  properties  while  electron 
donating  substituents  on  the  ligand  are  weakening 
these  interactions.  This  is  easily  shown  by  studying 
the  optical  properties  of  the  compounds.  Complexes 
with  strongly  electron  accepting  groups,  decrease  of 
-AE ,  absorb  strongly  in  the  red  part  of  the  visible 
spectrum  and  are  deep  blue  or  violet  in  the  solid 
state.  Complexes  with  donating  isonitrile  groups  are 
absorbing  in  the  blue  part  and  appear  yellow  for  this 
reason.  By  using  bulky  isonitrile  ligands  the  inter¬ 
actions  between  the  metal  ions  are  decreased  as  well 
but  this  effect  is  minor  compared  to  the  "electronic" 
effect.  Complexes  of  this  type,  with  bulky  and  donating 
ligands,  look  yellow  generally  while  the  ones  with 
small  accepting  ligands  look  blue,  show  a  typical  cop¬ 
per-like  metallic  lustre  which  is  linearly  polarized 
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parallel  to  the  needle  axis  of  the  crystals  ( 18 )  . 

The  same  systematic  change  in  solid  state  proper¬ 
ties  with  the  variation  in  equatorial  ligands  can  be 
observed  in  planar  chelatodicarbonylrhodium( I )  and 
iridium(I)  compounds  (group  4)  some  of  which  cristal- 
lize  in  columnar  stacks  ( 9 ) .  The  anisotropic  physical 
properties  of  these  solids  resulting  from  intermolecu- 
lar  interactions,  which  were  the  subject  of  intense  in¬ 
vestigations  several  years  ago  ( 19 ) ,  can  be  varied  by 
chemical  synthesis.  Complexes  of  this  type,  e.  g.  of 
stoichiometry  Ir(C0)2(L-L) ,  can  be  obtained  easily  by 
substituting  one  carbonyl  group  and  a  chloride  ligand 
in  Ir(CO)-jCl.  The  synthesis  proceeds  especially  well 
if  the  tricarbonylchloroiridium(I )  is  reacted  with  the 
"Triton  B"  ( tripheny lbenzy lammonium  hydroxide)  salt  of 
the  ligand  ( 10) . 

Some  conclusions  upon  the  intermolecular  interac¬ 
tions  can  be  drawn  by  looking  at  their  optical  absorp¬ 
tion  spectra.  The  interactions  are  diminished  with  in¬ 
creasing  size  of  the  ligands  and  by  substituting  do¬ 
nating  groups  and  the  absorption  is  shifted  to  shorter 
wave  lengths.  The  electric  conductivity  is  decreased 
drastically  in  compounds  with  large  organic  dye  bases 
as  ligands ( 20) . In  some  cases  with  very  large  ligands 
even  modification  changes  can  be  observed,  which  in¬ 
dicate  that  the  interactions  are  not  very  strong  in 
these  solids  and  that  the  lattice  structure  is  deter¬ 
mined  by  the  large  organic  ligand  molecules.  The  con¬ 
clusion  that  one  of  the  modifications  crystallizes 
without  essential  intermolecular  interactions  is  drawn 
from  the  differences  in  the  optical  spectra  of  these 
systems.  The  optical  absorption  spectra  of  the  two  mo¬ 
difications  are  quite  different.  One  of  them  shows  a 
broad  band  in  the  "red"  which  is  totally  absent  in 
the  second  modification,  which  no  longer  has  signs  of 
collective  electron  behaviour  ( 11 )  .  We  are  in  the 
process  of  completing  the  X-ray  structure  determina¬ 
tion  of  the  different  modifications. 

The  MoBbauer  effect  is  a  more  sensitive  spectros¬ 
copic  probe  for  the  identification  of  intermolecular 
interactions  and  the  more  accurate  classification  of 
their  strength.  It  works  quite  well  with  iridium 
(193jr)  and  as  shown  by  our  results,  the  isomer  shifts 
as  well  as  the  quadrupole  splittings  depend  strongly 
on  the  strength  of  the  intermolecular  interactions 
along  the  metal  chains (21 ,  22) .  This  is  summarized  in 
figure  2  which  shows  that  a  very  consistent  list  of 
shifts  ist  obtained.  Negative  isomer  shifts,  relative 
to  iridium  metal  as  the  standard,  are  found  in  solids 
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Figure  2.  ,93Ir-Mossbauer  shifts  of  lr(L-L)(CO)i  and  IrL'L(CO)t  compounds  (L-L  — 
bidentate,  uninegative,  L  =  neutral,  unidentate  L'  =  unidentate,  uninegative  ligand. 
Arrows  connect  different  modifications  of  one  compound). 
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which  give  clear  evidence  to  strong  intermolecular  in¬ 
teractions  in  the  solid  state.  The  compounds  with  on¬ 
ly  weak  metal-metal  interactions  show  positive  shifts 
and  quite  large  quadrupole  splittings. 

Especially  interesting  are  the  data  of  these  com¬ 
plexes  which  crystallize  in  two  modifications,  one  of 
which  only  contains  columnar  stacks.  As  expected,  the 
isomer  shifts  of  the  modification  without  any  sign  of 
co-operative  electron  behaviour  are  larger  than  those 
of  the  deeply  colored  form  crystallizing  in  columnar 
stacks.  The  quadrupole  splittings  are  smaller  for  the 
compounds  with  strong  intermolecular  interactions 
growing  larger  with  decreasing  influence  of  the  axial 
ligands  as  predicted  by  the  simple  crystal  field  mo¬ 
del.  By  comparing  the  Mofibauer  results  with  those  of 
other  spectroscopic  methods,  it  seems  that  the  MQft- 
bauer  effect  is  a  well  suited  method  in  the  case  of 
iridium  complexes  to  classify  intermolecular  interac¬ 
tions  in  linear  chain  metal  complexes. 

A  similar  relation  between  solid  state  properties 
on  one  side  and  sterical  and  electronic  ligand  parame¬ 
ters  on  the  other  hand  can  be  found  in  the  "dioximato" 
complex  series.  Numerous  complexes  of  d°ions  with  these 
ligands  were  described  in  the  past  ( 4 ,  2? )  .  Especially 
strong  interactions  in  these  solids  are  found  in  the 
Bis(l,2-benzoquinonedioximato)metal(II)  species  the 
ligand  of  which  is  relatively  small  and  is  capable  of 
delocalizing  metal  d-electrons  (24 ) . 

These  examples  prove  that  even  d°-ions  in  linear 
metal  chain  complexes  are  capable  of  strong  interac¬ 
tions  giving  rise  to  co-operafcive  electron  behaviour  as 
pointed  out  by  investigations  of  their  optical  spectra. 
Especially  those  candidates  which  have  only  small  and 
strongly  electron  accepting  ligands  are  capable  of 
very  strong  interactions  and  show  collective  electron 
behaviour  in  one  dimension  such  as  high  conductivity 
and  long  wavelength  absorptions. Therefore ,  it  seems 
possible  to  synthesize  Id-metals  even  with  "d°-ions" 
if  appropriate  ligands  are  used.  IrCCO^Cl  which  con¬ 
sidered  in  our  opinion  to  be  a  pure  d°-compound,  is  an 
impressive  example  that  the  energy  gap  AE  can  be  re¬ 
duced  very  much  by  using  electron  accepting  groups  and 
that  the  d . c . -conductivity  can  be  raised  by  using 
small  ligands  to  almost  metalic  behaviour. 

Nevertheless  the  intermetallic  interactions  in 
all  of  these  d°  transition  metal  complexes  are  not 
strong  enough  to  overcome  the  sterical  problems  and  a 
d . c . -conductivity  corresponding  to  a  metallic  state 
has  not  been  achieved.  Especially,  if  using  large  and 
polarizeable  organic  dye  molecules  which  are  necessary 
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in  the  search  for  a  "Little  model  compound"  (25,26) 
the  mobility  of  charge  carries  is  decreased  consider¬ 
ably.  Therefore  we  tried  to  synthesize  new  "mixed 
valence"  solids  by  oxidizing  d^-compounds . 

VI.  Preparation  of  "Mixed  Valence"  Solids 

The  results  of  oxidation  reactions  on  d^  linear 
chain  metal  complexes  were  studied  thoroughly  fcr  the 
tetrakis(cyano)platinum(II)complexes  and  some  oxalato 
derivatives.  The  first  investigations  were  carried  out 
more  than  100  years  ago  and  the  results  of  all  of  the 
work  are  well  known  and  are  summarised  ( 5) . 

One  important  question  remains  to  be  answered: 

"Why  does  the  oxidation  of  other  square  planar  plati- 
num(II)  compounds,  crystallizing  in  columnar  stacks, 
not  proceed  to  "mixed  valence"  one-dimensional  metals?" 
This  can  be  answered  by  investigating  the  association 
reactions  in  solution,  which  lead  to  linear  chains. 
This  "piling  up"-reaction  is  essentially  a  donor- 
acceptor  association  between  a  square  planar  plati- 
num(II)  donor  and  a  solvated  platinum(IV)  acceptor. 

The  reaction  is  prevented  if  solvent  molecules  occupy 
the  "axial  positions"  in  the  strongly  accepting  plati- 
num(IV)  moiety,  which  cannot  be  removed  by  donating. 
platinum(II)  species.  A  chain  is  obtained  if  the  axi¬ 
ally  bound  solvent  molecules  can  be  substituted  by  the 
donating  platinum(II)  species,  that  means,  if  the  fol¬ 
lowing  reactions  proceed  to  associates: 

[Cl  •  PtiV  ( CN )  4  •  H20]“  +  [H20  •  Pt  ( II )  ( CN )  4  • 

[H20  •  Pt ( 11 ) ( CN )  4  •  PtIV(CN)4  •  H20]2_  +  H20  +  Cl"; 

[H20-Pt(H)(CN)4.PtIV(CN)4.H20]2"  +  [H20  -Pt  ( CN)  4  *H20]  2  £ 

[H20-PtH(CN)4-PtIV(CN)4-PtII(CN)4-H20]4"  +  2H20; 

This  type  of  reaction  does  take  place  in  aqueous  solu¬ 
tion  in  the  case  of  [P t ( CN ) 4 ] 2—  and  [Pt ( C204 ) 2 1 2"  ions 
but  is  prevented  in  the  same  solvent  when  using  com¬ 
plexes  of  the  type  PtC^2-  or  [Pt(NHj)  4] 2  +  ,  because 
either  the  reduced  form  of  the  oxidizing  agent  (most¬ 
ly  halogenide  ions)  or  the  solvent  molecules  are  bon¬ 
ded  very  covalently  onto  the  axial  positions  of  the 
platinum(IV)  acceptor.  If  this  assumption  is  correct, 
the  oxidation  should  proceed  to  "mixed  valence"  com¬ 
pounds  only  if  the  reaction  can  be  carried  out  in  non¬ 
donating  oxidizing  solvents.  The  medium  could  be  half 
concentrated  sulfuric  acid.  The  red  K2PtCl4,  the  yel¬ 
low  Pt(NH2-CH2-CH2-NH2)Cl2  and  the  green  Magnus'  Salt 
can  be  oxidized  to  deeply  coloured  compounds  with  a 
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remarkable  red  metallic  lustre  in  half  concentrated 
sulfuric  acid.  Chemical  and  physical  evidence  clearly 
proves  that  these  compounds  are  mixed  valence  solids. 
Since  the  reaction  is  a  heterogenous  one  and  for  this 
reason  only  powders  could  be  obtained  ( 27 )  this  proce¬ 
dure  is  not  appropriate  in  the  synthesis  of  ld-metal- 
lic  single  crystals.  We  are  still  looking  for  other 
better  suited  solvents  and  oxidizing  agents. 

On  the  other  hand  we  have  continued  our  search 
for  "mixed  valence"  solids  with  central  metals  other 
than  platinum.  In  order  to  obtain  partially  oxidized 
solids  only  co-ordination  compounds,  the  ligands  of 
which  should  be  stable  against  oxidation  by  halogens 
or  similar  substances  could  be  used  as  starting  mate¬ 
rials.  As  shown  by  many  investigations  dioximato  li¬ 
gands  are  chemically  very  stable  and  give  metal  colum¬ 
nar  stacks.  "Mixed  valence"  solids  isolated  by  oxida¬ 
tion  of  Bis ( 1 , 2-diphenylglyoximato) -nickel (II )  and 
palladium( II )  have  been  known  for  a  long  time  but  were 
not  recognized  as  strongly  interacting  metal  chains. 

In  fact  the  crystals  contain  stacks  of  pancaked  metal 
complexes  (with  an  average  oxidation  number  of  2.33 
for  the  central  metal  ion)  and  linear  chains  of  13“ 
units  parallel  to  these  stacks.  A  structure  very  simi¬ 
lar  to  the  one  found  in  the  blue  starch-iodine  adducts 
was  proposed.  The  essential  difference  is  that  both 
stacks  could  show  collective  electron  behaviour.  This 
is  very  interesting  with  respect  to  the  prediction 
that  mobile  electrons  on  two  parallel  non-degenerate 
conduction  spines  could  interact  with  each  other  in  a 
manner  proposed  by  Little  for  an  excitonic  high-tem- 
perature  superconductor  (28).  A  similar  solid  could  be 
obtained  by  oxidizing  b is ( 1 , 2-benzoquinonedioximate ) 
palladium( II )  and  nickel (II)  in  dichlorobenzene  to 
mixed  valence  species  which  differ  in  their  solid  state 
properties  considerably  from  their  unoxidized  parent 
compounds.  The  results  of  X-ray  analysis  so  far  sug¬ 
gest  that  linear  metal  and  iodine  chains  run  parallel 
through  the  lattice  of  tetragonal  symmetry  as  shown 
schematically  in  figure  3- 

Furthermore  we  have  used  another  well-known  type 
of  reaction  to  come  to  mixed  valence  solids:  the  so- 
called  oxidative  addition  reactions.  This  type  of  re¬ 
action  could  possibly  be  used  for  piling  up  linear  me¬ 
tal  chains  by  adding  a  tetrakis (arylisonitrile )  rho- 
dium(III)  species  to  a  tetrakis (arylisonitrile )  rho- 
dium(I)  compound  in  the  following  manner: 
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Figure  3.  Schematic  of  two  non-degener¬ 
ate  conduction  spines  in  the  lattice  of  bis- 
(l,2-benzoquinonedioximato)iodonickel  (II, 

IV) 


Figure  4.  Structure  proposed  for  the 
“mixed  valence ”  solid  diiodotetrakis(2,6-di- 
methylphenylisonitrile)rhodium(I,  III). 
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2 [Rh ( CNR ) 4 ] +  +  [Rh(CNR)4l2]+«=i 

[I-Rh(CNR)lrRh(CNR)i(-I]2+  +  [Rh(CNR)4]+ 

[I-Rh(CNR)[1-Rh(CNR)i<-Rh(CNR)4-I]3+ _ 

By  mixing  the  2 , 6-dimethy lpheny lisonitrile  rhodium(I) 
and  rhodium(III)  derivatives  in  chloroform  a  sudden 
change  of  color  is  observed  turning  from  a  yellow-red 
to  dark  blue.  From  this  solution  a  violet  solid  with  a 
striking  linearly  polarized  metallic  lustre  can  be  ob¬ 
tained.  Whether  the  compound  contains  directly  bound 
metal-metal  chains  or  an  iodine  bridged  M  -  I  -  M  -  I 
lattice  can  be  decided  only  after  the  X-ray  determina¬ 
tion  has  been  completed.  The  preliminary  spectroscopic 
data  indicate  an  iodide-bridged  structure  ( 7 )  as  indi¬ 
cated  schematically  in  figure  4. 

Finally  we  would  like  to  present  just  one  result 
which  we  obtained  on  our  search  for  linear  chain  com¬ 
pounds  containing  d7-metal  ions.  A  typical  and  very 
stable  ion  with  this  electronic  configuration  is  co- 
balt(II).  The  earlier  report  of  Malatesta  that  diiodo- 
tetrakis(arylisonitrile)cobalt(II)  compounds  can  be 
isolated  in  two  crystalline  modifications  of  which  one 
is  diamagnetic  and  shows  a  remarkable  metallic  lustre 
( 29 )  prompted  us  to  determine  the  exact  structure  of 
one  of  these  compounds  ( 30) .The  molecular  structure  of 
the  tetrakis (phenyl isonit rile ) cobalt (II )  is  shown  in 
figure  5  which  is  in  fact  /j-iodo-bis [iodotetrakis 
(phenylisonitrile)cobalt(II) Jiodide.  The  linearly  po¬ 
larized  optical  absorption  of  the  solid  corresponds  to 
a  transition  along  the  I-  Co  -I-  Co  -I  heavy  atom 
chains  all  of  which  run  parallel  to  each  other. 

Though  a  pure  linear  chain  d^-compound  would  be 
ideal  for  our  purposes  the  synthesis  of  such  solids 
seems  to  be  very  difficult  because  of  the  strong  Lewis 
acid  activity  of  these  compounds. 
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Introduction 


The  class  of  inorganic  solids  composed  of  the  partially  oxi¬ 
dized  platinum  chain  salts  are  of  special  interest  to  partici¬ 
pants  in  this  Symposium,  as  they  represent  perhaps  the  most  ex¬ 
tended  type  of  interaction  realizable  in  the  1-D  systems:  that 
leading  to  free  carriers  and  metallic-like  conductivity .  Such 
systems  are  typified  by  the  compound  K2Pt(CN)ABr0  3*3H20(KCP). 

In  terms  of  the  known  formal  oxidation  states  of  platinum  (+2, +4) 
the  stoichiometry  of  KCP  can  be  written 

^ [Ft (II) q  85Pt(IV)Q  15(CN)^]BrQ  3*3H20.  However,  it  is  clear 

from  Professor  Krogmann's  crystal  structure'*'  for  this  compound 

that  all  Pt-sites  are  equivalent  and  separated  by  the  extremely 

0 

short  Intermetallic  distance  of  2.88  A  along  the  [001]  stacking 
axis.  Thus,  strong  metal-metal  interaction  involving  the  5d  2 

2  Z 

orbitals,  which  are  the  highest  lying  occupied  states  ,  along  the 
c-axis  permits  the  system  to  attain  a  fractional,  or  partially 
oxidized  valence  of  +2^3.  The  x-ray  structure  shows  that  the 
charge  compensating  Br  ions  are  located  in  the  interstices  be¬ 
tween  the  [Pt(CN)^]  stacks.  The  interstices  also  contain  sites 

for  the  alkali  ions  and  water  molecules.  3  ^ 

Table  I,  taken  in  part  from  recent  reviews  ’  ,  shows  some 
of  the  considerable  number  of  known  partially  oxidized  platinum 
chain  salts.  All  of  these  salts  are  composed  of  tetracyano-  or 
bisoxalato-platinum  complexes .  In  the  structures  of  these  com- 
3 

pounds  the  common  feature  is  the  presence  of  [Pt(CN)^]  or 
Pt(0x)2  stacks  comprised  of  closely  spaced  Pt  ions  with  oxida¬ 
tion  numbers  between  2.26  and  2.40.  Charge  compensation  occurs 
through  the  presence  of  halide  ions  in  the  structure,  or  vacanc¬ 
ies  on  the  alkali-cation  sites.  For  KCP  the  oxidation  number  of 
2.3  corresponds  to  1.7  electrons  per  platinum;  i.e.,  -  5/6  filling 
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of  the  5d  2  band.  This  condition  leads  to  metallic-like 
z 

electrical  conductivity  near  room  temperature.  The  electrical 
properties  of  KCP,  as  well  as  the  results  of  a  large  number  of 
solid  state  measurements,  are  reviewed  by  Dr.  Zeller  in  this 
Symposium  volume  and  will  not  be  discussed  here.  Rather,  our 
primary  concern  will  be  the  phase  diagram  of  KCP  and  related  sys¬ 
tems  shown  in  Table  I.  Why  do  these  compounds  occur  with  stoi¬ 
chiometries  corresponding  to  1.6-1.74  5dz2  electrons/platinum? 

Is  there  a  special  stability  in  the  degree  of  band  filling  associ¬ 
ated  with  these  electron  concentrations?  Answers  to  these  ques¬ 
tions  are  important  to  solid  state  chemists,  providing  the  rules 
necessary  to  design  high  conductivity  into  new  1-D  metal  chain 
systems . 

In  discussing  our  approach  to  understanding  the  stoichiom¬ 
etry  of  the  1-D  metallic-type  partially  oxidized  metal  chain  com¬ 
plexes,  it  is  useful  to  consider  the  oversimplified  "binary" 
phase  diagram  of  the  aqueous  K^PtCH)  (ClO^-^PtClV)  (ClO^B^  sys¬ 
tem  at  room  temperature,  as  shown  in  Fig.  1.  Here  the  divalent 
platinum  complex  is  denoted  by  II  and  the  tetravalent  complex 
designated  IV.  KCP  occurs  at  a  mole  fraction,  x=0.15  in  this 
system,  corresponding  to  n(dz2)=1.7  and  the  oxidation  state  2.3. 

For  x  <  0.15  compound  II  and  KCP  crystallize  out  of  solution, 
whereas  for  x  >  0.15  KC?  and  IV  crystallize  on  evaporation  of 
the  solvent.  All  of  the  known  partially  oxidized  platinum  salts 
can  be  represented  on  a  phase  diagram  such  as  Fig.  1.  For  ex¬ 
ample,  the  bisoxalato  salts  of  Table  I  can  be  designated  on  a 
phase  diagram  in  which  II  =  (cation) 2Pt(II) (C2®h*2  anc* 

IV  =  "Pt(IV) i.e.,  a  pseudo-compound  of  tetravalent 

platinum.  The  specific  composition  at  which  the  partially  oxi¬ 
dized  compound  appears  on  the  diagram  ranges  between  x  =  0.13  to 
0.20.  We  term  the  exact  composition  of  the  phase  for  a  given 
system  "xmag^c" »  because  there  appears  to  be  a  specific  minimum, 

or  "magic"  electron  concentration  at  which  the  1-D  metallic  phase 
is  stable.  The  reasons  for  this  are  not  yet  clear,  but  theories 
3 

have  been  proposed  and  others  will  be  discussed  in  this  as  well 
as  subsequent  papers  in  the  Symposium. 

In  the  present  paper  we  wish  to  indicate  an  alternative  ap¬ 
proach  to  the  1-D  metallic  state  which  attempts  to  reach  g 

in  a  way  which  we  believe  provides  some  clues  to  the  stoichio¬ 
metry  of  the  partially  oxidized  platinum  chain  compounds.  This 
approach  is  illustrated  in  Fig.  2,  depicting  a  hypothetical  phase 
diagram  between  a  platinum(II)  and  a  platinum(IV)  compound.  We 
require  that  II  be  an  insulating  phase  with  a  stacking  of  Pt(II) 

O 

ions  at  a  separation  <  3.3  A,  and  further  that  the  structure  of 
II  contain  vacant  interstitial  sites  for  the  introduction  of  a 
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TABLE  I 

Partially  Oxidized  Chain  Compounds 


Complex 

Oxidation  Number 
of  Platinum 

Pt-Pt 

Distance 

X 

n(dz2) 

K2[Pt(CN)4]Cl0 >32*3H20 

+2.32 

2.880  A 

0.16 

1.68 

K2[Pt(CN)4]Br0>30-3H2O 

+2.30 

2.887 

0.15 

1.70 

Mg[Pt(CN)4]Cl0>28*7H2O 

+2.28 

2.985 

0.14 

1.72 

K1>74[Pt(CN)4]-1.8H20 

+2.26 

2.96 

0.13 

1.74 

H1.60[Pt(C2V2]*2H2° 

+2.40 

2.80 

0.20 

1.60 

Li1.64[Pt<C2°4)2]*6H20 

+2.36 

2.81 

0.18 

1.64 

K1.62[Pt<C204)2]-xH20 

+2.38 

2.81 

0.19 

1.62 

(NH4)1.64[Pt(C2°4)2]*H2 

0 

+2.36 

2.82 

0.18 

1.64 

Ba0.84[Pt<C2°4)2]*4H2O 

+2.32 

2.85 

0.16 

1.68 

n(dz2)  =  number  of  5dz2  electrons  per  platinum 

x  =  mole  fraction  composition  parameter  in  pseudo-binary 
Pt(II)-Pt(IV)  system.  (See  text) 


KjPKCNJ^  K2Pt(CN)4Br2 

Figure  1.  Oversimplified  “binary”  phase  diagram  between 
II  =  KiPt(CN)i  and  IV  =  K.PtfCN^Br,  in  water  at  room 
temperature 
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charge  compensating  ion  into  the  lattice.  Thus,  we  wish  to  create 
a  solid  solution  system  through  the  introduction  of  "Pt(IV)"  com¬ 
plexes  into  the  stacks^  with  concomitant  charge  compensation  in 
the  interstitial  sites.  By  analogy  with  the  inorganic  semicon¬ 
ductor  silicon  doped  with  aluminum,  we  might  expect  II  to  trans¬ 
form  as  follows  with  increasing  x  :  II (insulator)  -*■  p-type  semi¬ 
conductor  degenerate  semiconductor  =  1-D  metal.  We  contend 
that  the  final  transformation  will  occur  (possibly  abruptly)  at 
x  =  xmag^e •  For  the  moment  we  neglect  the  influence  of  disorder, 

the  very  likely  possibility  of  one  or  more  miscibility  gaps 
(6  *  0  in  Fig.  2)  and  other  perturbations  which  may  turn  off  the 
metallic  conduction  (e.g.  Peirels  distortion),  and  confine  our¬ 
selves  instead  to  the  first  order  problem:  What  are  the  solid 
state  factors  stabilizing  Note  also  that  we  have  assumed, 

for  generality,  a  finite  homogeneity  range,  y  *  0,  for  the  1-D 

metal  phase  in  Fig.  2.  Fig.  2  would  transform  into  the  special 

case  of  Fig.  1  if  v  =  0  and  x  =  6  =  0.15. 

'  magic 

In  the  present  study  we  have  chosen  II  as  Magnus'  green  salt 
(MGS),  Pt(NH3)4PtCl4,  and  IV  =  K2Pt(CN)4Y2  (Y  -  Cl,Br)  and 

K„PtCl,.  The  tetragonal  Magnus  salt  structure  is  shown  in  Fig.  3. 

Z  D  j  j 

It  is  characterized  by  the  stacking  of  square  co-planar  Pt(NH3)4 
cations  and  PtCl4  anions  at  a  3.24  A  separation  along  the  crys¬ 
tallographic  c-axis,  and  the  relatively  long  interchain  Pt-Pt 
°  6 

distance  of  6.35  A  along  the  <110>  direction.  Previous  studies 

7-9 

suggested  that  the  electrical  and  optical  properties  of  MGS 
could  be  described  by  Miller's  model  in  which  filled  5dz2  metal 

bands  are  separated  by  ^  0.6  eV  from  empty  6p  bands.  Recent 

band  calculations^,  conductivity^  and  infrared  measurements 
suggest  that  the  5d  2-6p  gap  is  'v  4.5  eV  and  that  the  measured 

conductivities, range  from  10  ^  to  10  ^  ft  '''-cm  l, 

14 

may  be  impurity  dominated.  In  our  EPR  studies  of  MGS  we  have 
suggested  that  the  signal  is  due  to  a  self-trapped  5^2  hole 

whose  energy  level  may  lie  'v  0.6  eV  above  the  top  of  the  5dz2 

valence  bands.  Such  states  are  formally  equivalent  to  those  in¬ 
troduced  by  the  substitution  of  Pt(III)  for  Pt(II)  in  the  Pt(II) 
lattice  and  are  introduced  into  MGS  due  to  the  pr^gence  of  Pt(IV) 
complexes  during  the  preparation  of  the  compound.  This  situa¬ 
tion  is  depicted  in  the  band  model  of  Fig.  4,  which  may  be  con¬ 
sidered  our  starting  point  and  equivalent  to  a  solid  solution 

with  a  very  small  value^  of  x  (=10  ^)  in  the  phase  diagram  of 
Fig.  2.  In  the  present  work  we  have  found  it  possible  to  in¬ 
crease  x  to  fairly  large  values  and  report  the  effect  of  such 
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Figure  2.  Hypothetical  phase  diagram  between  a  Pt(ll)  and 
Pt(lV)  compound  illustrating  the  approach  taken  here  for  achiev¬ 
ing  the  1-D  metallic  state.  Parameter  &  is  width  of  two-phase 
region,  and  y  is  assumed  homogeneity  range  for  the  1-D  metallic 
phase.  In  principle,  many  intermediate  phases  all  separated  by 
small  immiscibility  gaps  could  exist  in  such  a  system. 


2- 
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systematic  variations  in  the  total  electron  concentration  on 

the  physical  properties  of  the  system.  It  is  our  contention, 

then,  that  there  will  be  a  special  x  =  x  .  for  which  MGS  will 

magic 

behave  as  a  1-D  "metal".  The  approach  to  xmag^c  the  MGS  sys¬ 
tem,  and  its  implications  for  the  entire  class  of  partially  oxi¬ 
dized  metal  chain  compounds ,  is  thus  the  main  subject  of  this 
work. 

Materials  Preparation 

All  platinum  salts  used  in  this  study  were  prepared  from 
99.99%  pure  platinum  metal  by  standard  conversion  techniques  as 

described  by  Brauer^.  Samples  of  l^PtCl^,  ^PtCl^  and 

K2Pt(CN)4*3H20  were  also  obtained  from  Strem  Chemicals  (Danvers, 

Mass.)  for  purposes  of  comparison.  The  results  reported  herein 
were  found  to  be  independent  of  materials  source. 

The  Magnus  salt  solid  solutions  (MGS(SS))  were  prepared  ac¬ 
cording  to  the  following  reaction  scheme 

(1)  (a)Pt(II)(NH3)4‘H'  +  (b)Pt(II)Cl4=  +  (c)Pt(IV)L4Y2=  MGS(SS)  , 

where  the  tetrammine  platinum(II)  complex  was  present  as  the  Cl 
or  C104  salt,  K2PtCl4  was  the  anion  source,  and  the  molar  ratio 

(a):(b)  ■  1.  Successful  incorporation  of  higher  valence  Pt  into 
MGS  was  found  to  occur_under  the  following  conditions:  (i)  dis¬ 
solution  of  Pt(IV)L4Y2  dopant  into  the  PtCl4  solution  prior  to 

reaction,  (ii)  maintaining  the  solution  concentrations  in  the 

range  0.01-0.1  M  with  (c)  <  0.5(a)  =  0.5(b)  and  finally, 

(iii)  rapidly  mixing  the  cation  and  doped-anion  solutions.  The 

resulting  MGS(SS)  is  metastable  as  it  is  not  the  expected  phase 

under  equilibrium  conditions.  This  is  because  a  complex  redox 

equilibrium  occurs  during  MGS  precipitation.  For  example,  if 

PtCl.  is  eliminated  from  reaction  (i)  and  L  =  Y  =  Cl,  we  find 
4 

(2)  Pt++(NH3)4  +  PtCl6=  [Pt(NH3)4Cl2]PtCl4 

Such  reactions  have  been  extensively  analyzed  in  the  past  where 
the  platinum  (II)-(IV)  redox  pair  are  both  present  as  anions  (or 
cations),  and  the  resulting  substitution  reactions  are  known  to 

occur  rapidly  in  the  presence  of  halide  ion.^  For  this  reason 
we  have  carried  out  reaction  (1)  in  the  presence  as  well  as  ab- 
scence  of  excess  Cl  ,  but  this  had  no  discernible  influence  on 
the  degree  of  solid  solution  formation.  The  point  to  be  made, 
however,  is  that  a  redox  reaction  between  the  cation  and  plati- 
num(IV)  "dopant"  is  also  occuring  during  MGS(SS)  preparation  un¬ 
der  the  conditions  of  our  experiments.  If  such  experiments  are 
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carried  out  under  conditions  required  for  the  growth  of  single 
crystals-for  example,  by  slow  diffusion  of  the  components  as  in 

a  gel^-the  redox  reactions  have  gone  to  completion  prior  to 
crystal  growth  and  "doping”  proceeds  under  equilibrium  conditions, 

-4 

yielding  only  small  concentration  (x  £  10  )  of  platinum(III) 

centers.  For  these  reasons  we  are  convinced  that  the  initial 
formation  of  halide  bridged  chains  of  the  type 

Pt (II) . . . Y-Pt (IV) L, -Y . . . Pt (II) ,  as  in  the  Pt (II) -catalyzed  Pt(IV) 

^  16 

substitution  reaction  ,  is  essential  to  the  doping  of  MGS  with 
high  concentrations  of  Pt(III)  centers. 

Experimental  Results 

Provided  that  the  above  conditions  for  the  preparation  of 
MGS(SS)  are  fulfilled,  the  reaction  products  from  (1)  are  a  series 
of  single  phase  solid  solutions  ranging  in  color  from  deep  green 
for  the  undoped  (x  =  0)  Magnus  salt  to  blue  for  the  most  partial¬ 
ly  oxidized  (SS)  phase.  The  materials  were  then  characterized  by 
several  techniques  including  chemical  analysis,  electron  spin  res¬ 
onance,  x-ray  diffraction,  IR  spectroscopy  and  electrical  conduc¬ 
tivity  measurements . 

Solid  Solution  Stoichiometry.  Using  Guinier  x-ray  diffrac¬ 
tion  techniques  it  was  established  that  the  products  of  reaction 
(1)  were  single  phase  materials  having  the  structure  of  Magnus' 
green  salt.  This  was  done  by  searching  for  secondary  phases  on 
x-ray  film  which  had  been  overexposed  to  the  primary  MGS(SS)  dif¬ 
fraction  pattern.  The  sensitivity  of  this  technique  was  found  to 
be  considerably  better  than  1  mole%  of  second  phase  contamination 
as  determined  by  analyzing  standard  mixtures  of  MGS  with  other 
Pt(II)  and  Pt(IV)  complexes. 

Chemical  analysis  of  the  precipitated  MGS(SS)  powders  for 
the  case  of  l^PtClV)  (CtO^B^  dopant  (oxidant)  permits  direct  mea¬ 
surement  of  the  degree  of  partial  oxidation  since  both  carbon  and 
bromine  determinations  can  be  compared.  This  is  shown  in  Fig.  5, 
where  an  essentially  1:1  correlation  of  incorporated  platinum 
(based  on  the  carbon  analysis)  to  incorporated  bromine  is  ob¬ 
served.  This  suggests  that  Pt  is  formally  present  as  Pt(III), 
since  this  would  require  compensation  by  just  one  Br  .  Complete 
chemical  analysis  of  the  products,  moreover,  indicates  that  the 
MGS  is  PtCl,  deficient.  Similar  results  were  obtained  for 
^P^CN^C^  oxidation  of  MGS,  resulting  in  the  following  formu¬ 
lation  for  the  solid  solutions: 

(3)  Pt(II)(NH3)4(Pt(II)Cl4)1_q(Pt(III)(CN)4)qYq, 

where  X  =  Br  ,C1  .  Similarly,  for  doping  (oxidation)  with  ^PtCl^ 
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ANION  6pz 


CATION  6pz 


~4.5eV 


5d72  HOLES  (Ptm) 


ANION  5d,2 


Figure  4.  Schematic  band  structure  for 
extrinsic  MGS 


MOLES  (xIO3)  Br’  INTRODUCED 


Figure  5.  Number  of  moles  of  Ft  vs.  Br  introduced 
into  MGS  by  solid  solution  formation  (and  partial 
oxidation)  with  K2Pt(CN)j,Br2.  Potassium  concen¬ 
tration  is  3  ±  2  mmoles  for  all  samples  shown.  The 
two  straight  lines  are  the  results  expected  for  Pt:Br 
=  1:1  or  1:2. 
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(4)  Pt (II) (NH,). (Pt (II) Cl. ) .  (Pt(III)Cl.)  Cl  . 

3  4  4  1-q  4  q  q 

The  maximum  values  of  q  obtained  for  the  various  systems  is 
shown  in  Table  II.  It  should  be  noted  that  the  parameter  q  as 
used  in  the  formulae  for  MGS(SS)  systems  is  a  measure  of  the  de¬ 
gree  of  substitution  of  MGS  anionic  sites  by  Pt(III).  It  is  of 
course  related,  but  not  equivalent  to,  the  composition  parameter 
x  of  Figs.  1  and  2.  For  comparison,  the  partially  oxidized 
Ft (+2. 3)  state  occurs  at  x  =  0.15  in  Figs.  1  and  2  and  would  be 
equivalent  to  q  =  0.6  in  Formulae  (3)  and  (4)  if  an  "averaged" 
oxidation  state  were  appropriate  for  the  MGS  solid  solutions. 

This  point  will  be  considered  again  in  the  subsequent  discussion. 
If  the  top  of  the  5d  2  valence  bands  are  mostly  of  anionic 

(Pt(II)Cl^  )  character,  as  shown  in  Fig.  4,  then  the  5dz2  hole  is 

located  on  the  PtCl^  groups  in  both  (3)  and  (4);  i.e.,  (3)  becomes 

(5)  Pt(II)(NH3)4(Pt(II)Cl4)  (Pt(II)(C»)4)  (Pt(III)a4)  T  . 

E.P.R.  powder  data  for  solid  solutions  of  the  type  (4)  gave 
the  following  g-tensor  parameters:  g,  .  =  1.94  and  g  =2.50. 

14 

These  values  are  identical  to  those  measured  for  MGS(SS)  in 
which  K2Pt(CN)4Cl2  or  K2Pt(CN)4Br2  is  the  oxidant;  Thus,  EPR 

suggests  that  the  Ft (III)  site  is  independent  of  oxidizing  agent. 
Whether  the  5dz2  hole  resides  primarily  on  (PtCl^)  or  Pt(NH3)4 

groups  depends  on  the  relative  energies  of  the  cation  and  anion 
bands,  of  course,  and  we  choose  the  former  site  to  be  consistent 

with  the  assignments  in  Miller's  original  model  7 

Our  formulation  of  Magnus  salt  solid  solution  systems  places 
charge  compensating  halide  ions  in  interstitial  sites  in  the 
structure.  Our  main  evidence  for  this  consists  of  infrared  data 
and  x-ray  diffraction  measurements  of  the  lattice  constants  of 
MGS(SS) .  The  far  infrared  spectrum  of  the  K2Pt(CN)4Br2~oxidized 

MGS  product  with  q  =  0.2  shows  no  evidence  for  a  Pt-Br  stretch 
band.  Such  a  band  would  be  expected  for  substitution  along  the 
chain,  or  for  charge  compensation  through  replacement  of  one  of 
the  ligands  within  the  Pt  square  coordination  plane  (e.g.,  re-  ^ 
placement  of  NH^) •  The  changes  in  infrared  pattern  above  700  cm 

with  increasing  q  values  are  shown  in  Fig.  6.  These  spectra  were 
taken  for  constant  solid  concentration  in  the  KBr  matrix,  and 
show  only  the  introduction  of  one  new  band  due  to  the  C  =  N 

stretching  vibration_near  2200  cm  ^ .  This  is  consistent  with  the 
replacement  of  PtCl^  anions  in  the  MGS  structure  with  Pt(CN)4 

as  determined  by  chemical  analysis. 

Unit  cell  data  as  a  function  of  q  for  the  K2Pt(CN)4Br2  oxi¬ 
dized  solid  solutions,  shown  in  Fig.  7,  indicates  expansion  of 


In  Extended  Interactions  between  Metal  Ions;  Interrante,  L.; 

ACS  Symposium  Series;  American  Chemical  Society:  Washington,  DC,  1974. 


340 


EXTENDED  INTEBACTIONS  BETWEEN  METAL  IONS 


TABLE  II 

Solid  Solution  Limits 


Dopant  (Oxidizing  Agent) 

* 

q 

K2PtC16 

0.03 

K2Pt(CN)4Cl2 

0.08 

K2Pt(CN)4Br2 

0.20 

See  Eqs .  (4) ,  (5)  . 

WAVELENGTH  (MICRONS) 


Figure  6.  Infrared  spectra  for  MGS(SS)  formed  by  partial  oxidation  with 
KaPt(CN)iBrJ.  Composition  parameter  q  is  defined  in  Equation  5. 
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the  MGS  cell  along  the  tetragonal  aQ-axis  and  contraction  along 

the  cq  stacking  direction.  Expansion  transverse  to  the  linear 

chains  is  plausible  for  Br  interstitials  combined  with  the  In¬ 
troduction  of  Pt(CN)^  groups  in  anionic  lattice  sites,  whereas 

contraction  along  cq  is  consistent  with  the  attendant  introduc¬ 
tion  of  the  smaller  Pt(III)  ions  in  the  chains.  In  this  connec¬ 
tion  it  is  relevant  that  all  the  partially  oxidized  Pt  salts 
shown  in  Table  I  have  very  short  Pt-Pt  spacings.  Thus,  our  ob¬ 
servation  of  a  decrease  in  cq  for  MGS(SS)  is  entirely  expected 

with  partial  oxidation  (increasing  q)  of  this  phase.  However, 
unlike  the  metallic-like  salts  of  Table  I,  we  expect  two  differ¬ 
ent  types  of  platinum  sites  along  the  chains:  a  majority  con¬ 
sisting  of  the  Pt(II)  hosts,  and  the  remainder  Pt(III)  sites.  In 
fact,  the  expected  disorder  along  the  chain  as  a  consequence  of 
this  arrangement  is  clearly  observed  in  the  x-ray  diffraction  as 
a  loss  and  broadening  of  (00£)  reflections  with  increasing  q. 

Electrical  and  Optical  Properties.  The  formation  of  mixed 
valence  solid  solutions  through  the  introduction  of  Pt(III)  has 
profound  effects  on  the  properties  of  MGS.  Measurements  of  the 
d.c.  electrical  conductivity  of  powder  compactions  shown  in 
Table  III  show  a  four  order  of  magnitude  change  in  a  as  the  com¬ 
position  was  changed  from  ostensibly  pure  MGS  (undoped,  q  *  0)  to 
a  Solid  solution  containing  the  maximum  degree  of  substitution, 
q  =  0.20.  Moreover,  the  hole  ionization  energies,  Ea>  determined 

from  the  activation  energies  for  electrical  conduction  become 
smaller  with  increasing  q.  Although  the  measurements  were  per¬ 
formed  on  compacted  powders ,  these  general  trends  are  clearly 
evident  and  quite  similar  to  the  behavior  of  doped  three-dimen¬ 
sional  semi-conductors  as  the  impurity  concentrations  are  in¬ 
creased. 

The  optical  spectrum  in  the  near  infrared  region  also  re¬ 
veals  some  interesting  features .  These  measurements  were  carried 
out  on  samples  dispersed  in  KBr  pellets.  Fig.  8  depicts  the  spec¬ 
trum  for  two  different  "pure"  (q  =  0)  MGS  samples.  Sample  A  was 
measured  in  two  separate  pressings  of  the  same  pellet  to  deter¬ 
mine  the  variation  in  optical  density  to  be  expected  due  to  var¬ 
iations  in  sample  preparatory  technique.  The  spectra  were  mea¬ 
sured  with  no  reference  in  the  standard  compartment  of  the  spec¬ 
trometer.  We  ascribe  the  absorption  rise  in  the  1-2. 4p  region 
of  the  spectrum  mostly  to  scattering,  as  there  do  not  appear  to 
be  any  distinct  bands  in  this  range.  On  the  other  hand.  Fig.  9 
shows  the  absorption  in  the  MGS(SS)  system,  prepared  with 
l^P^ClO^B^  oxidant,  for  the  range  of  compositions  q  =  0.05  to 

0.2.  The  new  band  appearing  in  this  frequency  region  is  intense, 
and  directly  proportional  to  the  concentration  of  Pt(III)  centers 
in  the  sample  as  determined  by  chemical  analysis  based  on  carbon 
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Figure  7.  Lattice  constants  vs.  mole  %  platinum 
introduced  for  MGS(SS)  prepared  by  KiPt(CN)iBri. 
Constants  obtained  by  least-squares  refinement  of 
Guinier  camera  powder  data. 


Figure  8.  Spectra  of  nominally  pure  MGS  in  the  near  1R. 
Curves  A  correspond  to  spectra  obtained  in  two  separate  press¬ 
ings  of  the  same  pellet;  curve  B  obtained  from  a  separate  MGS 
preparation  made  up  to  the  same  concentration  in  pellet  as  A. 
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(CN)  content.  Excluding  the  q  =  0.05  samples,  whose  chemical 
analysis  is  least  reliable,  we  find  an  absorption  coefficient 
a  =  (6.0  +  0.3)  x  10  1/mol  'em,  assuming  the  absorption  is  en¬ 
tirely  polarized  along  the  c-axis  of  the  crystallites  (i.e., 

an ~  v- 

In  addition  to  the  intense  absorption  peaking  near  1.3y, 
another  important  feature  of  Fig.  9  is  the  gradual  shift  of  ab¬ 
sorption  edge  to  lower  energies  with  increasing  q.  This  is  sug¬ 
gested  by  the  general  increase  in  optical  density  at  2.4y  as  q 
increases.  Although  we  can  not  obtain  an  accurate  absorption 
edge  from  the  pellet  measurements,  this  qualitative  trend  is  con¬ 
sistent  with  the  lowering  of  activation  energy  for  electrical 
conduction  with  q  as  shown  in  Table  III. 

It  is  relevant  to  point  out  that  early  measurements  of  the 
IR  spectrum  of  ostensibly  "pure"  MGS  also  reported  absorption  in 

g 

the  near  IR  region  shown  in  Fig.  9.  Moreover,  Collman  et.  al. 
reported  photocurrent  in  MGS  with  excitation  between  0.74-2.5y. 

13 

Other  measurements ,  including  those  on  much  purer  MGS  samples  , 

18 

cast  doubt  on  the  presence  of  this  absorption,  but  it  is  clear 
that  samples  prepared  in  the  presence  of  Pt(IV)  complexes  defi¬ 
nitely  contain  the  broad  IR  peak.  We  have  in  fact  found  the  iden¬ 
tical  IR  band  in  MGS(SS)  samples  produced  by  K2Pt(CN)^Cl2  and 

K2PtClg  oxidation.  However,  we  interpret  the  absorption  as  due 

to  transitions  from  the  5d  2  valence  band  to  the  5d  2  bound 

z  7  8  Z 

states,  rather  than  to  an  interband  transition.  * 

Discussion 


It  is  worthwhile  to  review  some  of  the  properties  of  the 
mixed  valence  MGS  solid  solutions  before  examining  their  re¬ 
lationship  to  the  class  of  partially  oxidized  platjinum  salts  of 
Table  I  such  as  KCP.  Previously,  we  found  from  EPR  measure- 
14 

ments  that  "extrinsic"  MGS  crystals  usually  contain  small  con¬ 
centrations  of  bound  5d  2  holes  (Pt(III))  lying  n,  0.6  eV  above 
the  5dz2  orbitals.  TheZPt(III)  holes  whose  occurence  is  due  to 

the  presence  of  Pt(IV)  complexes  during  sample  preparation,  have 
a  fairly  wide  extent-over  at  least  several  metal  chain  lattice 
14 

sites  .  In  these  studies  we  have  been  able  to  significantly  in¬ 
crease  the  concentration  of  Pt(III)  centers  by  partial  oxidation 
with  Pt(IV)  complexes,  resulting  in  as  many  as  one  out  of  ten 
Pt(II)  chain  sites  replaced  by  Pt(III)  for  the  case  of  oxidation 
with  K2Pt(CN)ABr2  (Table  II,  q  =  0.2).  Concomitant  with  the  in¬ 
creasing  Pt(III)  concentration  is  an  increase  in  d.c.  conductivity 
and  the  appearance  of  a  strong  IR  transition  due  to  5dz2  band  to 
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TABLE  III 

Electrical  Data  on  Powder  Compactions 
((IV)  =  K2Pt(CN)4Br2) 


q 

°RT '  (°hm-cni)  1 

E  ,  eV 
a 

0.0 

3.7  x  10"7 

0.66 

0.12 

2.5  x  10-4 

0.27 

0.20 

6.3  x  10"3 

0.15 

Figure  9.  Near  IR  spectra  for  MGS(SS)  prepared  from  K/Pt(CN)>, - 
Br>.  Composition  parameter  q  defined  in  Equation  5.  Similar 
results  were  obtained  for  partial  oxidation  of  MGS  with  K,Pt(CN)>,- 
CL  and  K^PtCh,. 
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5dz2  hole  excitation.  Activation  energies  obtained  from  the  d.c. 

conductivity  measurements  indicate  a  decrease  in  E  ,  the  hole  ion¬ 
ization  energy.  In  what  follows  we  will  consider  the  potential 
the  MGS  system  has  for  exhibiting  a  transition  to  a  "1-D  metal" 
at  dopant  levels  higher  than  we  have  been  presently  able  to 
achieve  and  further  implications  concerning  the  stabilization  of 
known  1-D  metals  such  as  KCP  at  special  stoichiometries . 

By  considering  the  low  hole  concentration  limit,  one  can  more 
clearly  understand  just  what  might  be  responsible  for  a  transition 
to  metallic  behavior  at  higher  hole  concentration.  If  we  envision 
a  full  band  (the  MGS  limit)  and  introduce  a  few  local  carriers  by 
substitution,  then  the  carrier,  in  this  case  a  dz2  hole,  will  not 

be  freely  mobile,  but  will  instead  be  rather  tightly  bound  to  its 
site.  This  binding  may  arise  simply  from  the  coulomb  attraction 
between  the  Pt(III)  hole  ahd  the  charge  compensating  anion  and  re¬ 
sult  in  the  formation  of  an  excitonic  or  quasibound  particle-hole 

19 

state  rather  than  in  a  free  carrier.  This  coulomb  particle-hole 
attraction  can  however  be  reduced  in  several  ways.  As  the  concen¬ 
tration  of  dopant  and  density  of  carriers  increases,  the  single 
carrier  potential  resulting  from  the  charge  compensators  will  tend 
to  be  screened.  This  mechanism,  analogous  to  the  Mott  mechanism 
in  higher  dimensional  isotropic  conductors,  should  lead  to  a  semi¬ 
conductor-metal  transition.  Also,  with  an  increase  in  doping,  the 
density  of  charge  compensators  which  an  individual  dz2  hole  sees 

will  become  effectively  constant,  i.e.  independent  of  the  site  on 
which  the  hole  finds  itself.  This  will  occur  since  the  overlap¬ 
ping  coulomb  tails  from  the  impurity  or  compensator  distribution 
will  average  out  the  one  electron  (hole)  potential  fluctuations 
more  effectively  at  high  concentrations.  For  the  case  of  the  KCP 
limit,  there  are  %  0.3  halide  ions  for  each  Pt.  We  suggest  that 
for  KCP  it  is  this  stoichiometric  ratio,  corresponding  to  the 
composition  xmag^c  ^  0.15  in  our  phase  diagram  (Fig.  1)  at  which 

the  local  exclton  state  goes  over  to  the  metallic  state.  The 
fact  that  this  ratio  occurs  considerably  below  a  Pt (III) /Pt(II) 
ratio  of  unity  comes  about  because  the  holes,  while  localized, 
are  in  extended  eigenstates  which  reach  several  Pt  sites  along 
the  chain.  Such  interpretation  can  be  inferred  from  the  EPR  spec- 

trum^’'*'^  as  well  as  the  lattice  regularity'*"’^.  This  indicates 
that  the  hole-anion  interaction  reduced  by  hole-hole  interactions 
and  smoothed  due  to  increased  halide  concentration  could  result, 
at  sufficiently  high  dopant  level,  in  a  single  hole  wave  function 
with  a  coherence  length  sufficiently  large  to  result  in  metallic- 
like  behavior. 

It  is  interesting  to  note  that  following  Mott's  original  ar¬ 
gument,  the  dopant  density  xm  .j r  ^  0.15  is  in  near  agreement  with 

the  original  Mott  criterion  for  the  transition.  Following  Mott's 
original  argument,  based  on  Thomas-Fermi  screening  of  the 
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carriers,  the  semiconductor  -»■  metal  transition  for  impurity  con¬ 
duction  in  a  three  dimensional  system  should  occur  approximately 

when  ng/3  a^  'v-  .25.  As  Mott  and  Twose  point  out,3''"  a  sharp  break 

in  the  conductivity  of  both  n-type  and  p-type  germanium  occurs  in 

1/3 

fact  for  ng  a^  'u  .3.  In  these  expressions,  n  is  the  carrier 


fact  for  ng  a^  ^  .3.  In  these  expressions,  ng  is  the  carrier 

density  and  a„  is  the  effective  site  radius.  If  we  take  a^  as 

H  1/3  H 

one-half  of  the  Pt-Pt  spacing  along  the  chain,  then  ng  a^  *\>  .3 

at  the  KCP  stoichiometry;  thus  our  suggestion  of  the  role  of  the 
critical  stoichiometry  xmag^c  is  in  accord  with  the  original  Mott 

criterion  for  the  transition.  The  dopant  density,  however,  calcu¬ 
lated  in  this  manner  must  be  taken  with  some  reservation.  First, 
the  short  distances  that  we  are  concerned  with,  namely  the  halide 
ion-Pt  site  separation,  does  not  simply  justify  the  use  of  a 
macroscopic  dielectric  constant.  Second,  the  extreme  anisotropy 
of  the  system  as  well  as  the  fact  that  the  halide  ions  are  located 
off  the  Pt  chain  will  introduce  significant  modifications  into  any 
screening  calculation.  It  is  however  interesting  (if  not  fortui¬ 
tous)  that  the  value  one  obtains  from  the  Mott  type  estimate  is 
so  close  to  what  is  observed . 

At  the  maximum  solid  solution  limit  found  in  our  MGS  system, 
q  =  0.2,  the  holes  still  appear  to  be  bound  so  that  transport  is 
an  activated  process.  It  is  therefore  evident  that  at  this  com¬ 
position,  which  is  equivalent  to  x  =  q/4  =  0.05  in  the  terminol¬ 
ogy  of  the  phase  diagrams  of  Figures  1  and  2,  the  doping  is  still 
not  high  enough  to  precipitate  an  electronic  phase  transition  in¬ 
to  the  1-D  metallic  state,  i.e.  x  is  still  less  than  x  .  for 

’  magic 

this  system.  With  increasing  x  we  can  expect  such  a  transition 
to  occur  for  MGS.  KCP  and  the  remaining  partially  oxidized  metal¬ 
lic  phases  of  Table  I  have  crystallized  already  at  this  stoichiom¬ 
etry  and  as  can  be  appreciated  from  the  ranges  ■v  0.13-0.20 

in  this  table,  the  precise  value  of  x  .  will  be  very  system 
dependent .  ° 

Regardless  of  the  specific  electronic  model  required  to  un¬ 
derstand  the  stoichiometry  of  the  1-D  metallic  Pt  salts,  we  may 
ask  why  KCP  (and  similar  compounds  of  Table  I)  do  not  show  a 
range  of  solid  solutions  from  x  =  0  to  xmg^^p.  That  is,  why  the 

difference  between  MGS,  which  is  following  the  phase  diagram  of 

Fig.  2,  with  solid  solutions  between  x  =  0  to  x  =  0.05  <  x  .  , 

magic 

and  the  metallic  partially  oxidized  systems  of  Fig.  1?  Taking  KCP 
as  an  example,  there  appear  to  be  two  main  reasons  for  the  differ- 

O 

ence:  the  rather  large  metal-metal  distance  (3.50  A)  in  the  end 
member  ^P^CN)^  OI^O,  and  the  apparent  lack  of  a  large  enough  in¬ 
terstitial  site  for  the  substitution  of  a  charge  compensating  ha- 
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lide  ion.  This  last  requirement  may  not  be  a  necessary  condi¬ 
tion  for  mixed  valence  solid  solution  formation,  since  alkali 
cation  vacancies  can  fulfill  the  latter  role.  However,  a  rela¬ 
tively  short  Pt-Pt  distance,  as  found  in  MGS,  may  be  a  necessary 
condition  for  the  stabilization  of  the  trivalent  Pt(III)  state, 
since  EPR  indicates  that  even  at  very  low  concentrations  these 
states  extend  over  several  lattice  sites.  Lattice  energy  may  also 
play  an  important  role.  There  is  considerable  evidence  from  or- 

ganic  systems  that  separate  stacking  ("segregated"  stacks)  of 
cations  and  anions  does  not  provide  high  Madelung  energy.  Thus, 
segregated  stack-type  end  members  (II)  such  as  K2Pt(CN)^*3H20  may 

be  considerably  destabilized  by  (SS)  formation,  whereas  the  MGS- 
type  of  crystals  are  not,  due  to  the  extremely  high  lattice  ener- 

24 

gies  of  alternate  cation  and  anion  stacking.  Thus,  for  these 
reasons  the  two  phase  system  of  Fig.  1  is  more  stable  in  the 
cyanoplatinates  than  the  solid  solutions  of  Fig.  2,  and  the  par¬ 
tially  oxidized  form  occurs  only  when  is  reached. 

Since  we  have  yet  to  completely  transform  MGS  into  a  1-D  met- 
al,  it  is  relevant  to  inquire  whether  it  is  possible  to  complete 
the  process  of  continuously  introducing  5dz2  holes,  with  charge 

compensation,  into  the  lattice  until  xmag£c  reached.  Our  ex¬ 
perimental  work  suggests  that  solution  redox  reactions  are  the 
limiting  feature  of  the  substitution  process,  and  not  crystal 
chemical  factors.  For  example,  the  solid  solution  region  is  lar¬ 
ger  in  MGS  partially  oxidized  with  K2Pt(CN)^Br2  (H  =  0.20)  than 

with  K2Pt(CN)4Cl2  (q  =  0.08).  This  is  the  reverse  of  the  extent 

of  (SS)  expected  on  the  basis  of  crystal  chemical  factors,  since 
Cl  is  smaller  than  Br  .  However,  the  greater  rate  of 

+4* 

K2Pt(CN)^Br2  vs.  K2Pt(CN)^,Cl2  reduction  by  Pt(NH3)^  suggests 

that  the  solution  redox  reaction  is  the  important  feature  to  be 
controlled  if  more  extensive  solid  solution  is  to  be  attained. 

There  are  several  other  compounds  in  which  mixed  valence  sol¬ 
id  solution  formation  may  be  possible.  Among  these  are  dichloro- 
(ethylenediamine)  platinum(II) ,  Pt(en)Cl2,  in  which  neutral 

Pt(en)Cl9  units  stack  with  an  intermetallic  separation  of 

°  9^  ,  ~ 

3.39  A.  The  alkaline  earth  cyanoplatinates  form  a  more  inter¬ 
esting  group,  since  many  of  them  crystallize  ’  with  Pt(II)-Pt(II) 
separations  below  3.3  A.  In  particular,  MgPt(CN)^ *7H20  exhibits 

O 

at  Pt-Pt  distance  of  3.16  A  and  the  structure  appears  closely  re¬ 
lated  to  that  of  the  1-D  metallic  MgPt(CN)^Cl  2g*7H20,  according 

to  Krogmann.26  Thus,  there  exists  the  strong  possibility  of  ex¬ 
tensive  solid  solution  in  this  system  between  x  =  0  and 
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Xmagic  ”  ^  =  Fig.  2).  The  Pt  site  equivalence  present 

in  these  structures  also  makes  them  attractive,  since  the  inequiv¬ 
alence  of  cation  and  anion  sites  in  MGS  (hence  strongest  mixing 
between  alternate  identical  sites)  may  ultimately  be  the  factor 

limiting  the  attainment  of  x  .in  that  system. 

magic 
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Studies  on  Some  1-D  Metal  Group  VIII  Complexes 
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H.  P.  GESERICH 

Institut  fur  angewandte  Physik,  Universitat  Karlsruhe,  D  7500  Karlsruhe  1,  Germany 

The  abbreviation  "TCNQ  compounds"  stands  for  a  group  of 
organic  substances  with  strongly  anistropic  behavior  in 
conductivity,  reflectivity,  and  other  properties.  A  similar 
abbreviation  for  an  inorganic  group  of  compounds  with  similar 
properties  is  still  lacking  besides  "KCP"  which  stands  for  only 
one  compound.  I  am  tempted  to  propose  TCMP  (=  tetra  coordinated 
metal  plane)  for  this  group  of  square  planar  complex  compounds. 

In  both  cases,  the  letters  give  a  short  hand  notation  of  the 
essential  structural  units,  and  their  similarity  reflects  the 
similarity  of  their  properties. 

There  are  two  types  of  TCMP  compounds,  the  stoichiometric 
ones  with  central  atoms  in  integral  oxidation  states,  and  the 
partially  oxidized  (po-TCMP)  compounds.  The  latter  are  known  to 
behave  like  1-D  metals,  whereas  the  former  are  more  or  less 
semiconducting.  Of  the  po-TCMP,  three  structures  have  been 
studied  to  some  detail  :  K2  [Pt(CN )4]  Xq  3  •  3  H?0  (  _1  )  . 

M90.82  [Pt(C204)2]  •  6  H20  (  2  ),  I r ( CO ) 2 . 9CI 1 . 1  (  3  ).  They  all 
contain  columns  of  TCMP  units  stacked  in  a  staggered  manner  to 
minimize  interligand  repulsion.  The  partial  oxidation  makes  the 
complex  columns  less  negative  than  they  were  without  oxidation. 

In  the  first  structure  (also  named  KCP),  this  partial  positive 
charge  per  complex  is  allowed  for  by  incorporating  the  necessary 
amount  of  halide  ions  (Cl"  or  Br")  at  sites  apart  from  the 
complexes,  and  occupied  up  to  64  percent  (  1  ).  The  second 
structure  attains  electroneutrality  by  a  deTect  of  cations,  which 
way  seems  to  be  favoured  by  all  dioxalatoplatinates  and  some  Ir 
compounds  (  2  ).  The  third  structure  (  ^  )  is  supposed  to  contain 
mainly  neutral  units  without  atoms  or  ions  linking  the  different 
columns.  The  crystals  of  all  these  materials  tend  to  grow  as  thin 
needles  in  one  direction  only,  making  it  difficult  to  obtain 
crystals  big  enough  for  physical  mearurements,  which  is 
especially  true  for  the  compound  last  mentioned  with  VAN  DER 
WAALS  forces  only  acting  between  the  chains. 

We  supposed  Ir(+I)  to  be  a  promising  central  atom  for 
po-TCMP  compounds  because  it  has  less  effective  charge  than 
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Pt(+II)  in  its  5d8  configuration,  and  we  found  a  number  of  salts 
containing  the  Ir(C02)Cl2  unit,  which  are  of  the  1-D  metal  type 
(  4  ).  A  list  of  compounds  is  given  in  table  I,  showing  no  great 
variation  in  distances  except  in  the  last  case,  though  there  are 
rather  large  differences  in  the  degree  of  partial  oxidation  (DPG) 
The  results  are  based  on  preliminary  single  crystal  (H+,  K+)  or 
reliable  GUINIER  powder  data.  Some  of  these  salts  have  been 


Table  I. 


Columnar  structures  with 

compound 

Ir  (4) 

oxidation  number 

distance 

Ir(C0)2>93  Cl 

+1.07 

2.85 

(h3°)0.38  Ir(C0)2Cl2 

+1.62 

2.86 

*0.58  I 

+1.42 

2.86 

(N?me?4)n  55  " 

+1.50 

2.86 

+1.45 

2.86 

( As( ph) 4)0  62 

+1.38 

2.86 

Liy 

? 

2.86 

MgJ 

? 

2.86 

Bax 

? 

2.86 

I r^CO ) 2C1 2  Ir(C0)2acetat 

+1.50 

2.78 

previously  prepared  either  by  high  pressure  CO  treatment  (  5  )  or 
formic  acid  refluxing  (6,  7)  of  K2IrCl6  {or  similar  compounds), 
but  analyses  reported  and  structures  derived  from  them  did  not 
lead  to  the  correct  interpretation.  It  is  interesting  to  note, 
that  the  Ir(C0)2Cl2  salts  are  similar  to  the  dioxalatoplatinates 
in  their  cation  defect  structures  as  well  as  in  the  tendency  of 
the  free  acid  to  from  strongly  absorbing  blue  coloured  solutions, 
which  may  contain  polymers  like  the  Pt  acid  (  8  ). 

Dioxalatoplatinates  of  the  1-D  type  are  a'Ele  to  crystallize 
in  many  different  phases  with  no  detectable  difference  in 
composition.  We  reported  three  Mg  salt  modifications  (  2  ),  but 
for  potassium,  the  situation  is  more  complicated,  as  there  are  at 
least  five  different  powder  patterns.  Recent  single  crystal  growth 
and  x-ray  studies  revealed,  that  one  of  the  powder  diagrams  we 
named  "Phase  A"  can  be  obtained  from  three  crystal  structures 
differing  in  their  superstructures,  which  do  not  show  up  in  the 
powder  photographs.  We  can  imagine  several  reasons  for  super¬ 
structures.  One  already  mentioned  is  the  staggered  stacking  of 
ligands  leading  to  a  ligand  superstructure.  There  may  also  be  a 
lattice  period  connected  with  the  composition  or  the  degree  of 
partial  oxidation  (DPO),  which  may  be  called  a  PEIERLS  super¬ 
structure  according  to  the  theory  of  1-D  metals  (  10  ).  Such  a 
lattice  distortion  was  shown  for  KCP  (  _11,_12  )  to  behave  like  a 
soft  vibrational  mode  instead  of  a  static  superstructure.  The 
evaluation  of  the  diffuse  scattering  effects  lead  to  shifts  of 
about  0.01  ft  in  the  Pt  positions  along  the  metal  chain.  A 
reciprocal  lattice  vector  due  to  a  PEIERLS  distortion  period  Cpx 
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should  be  related  to  the  reciprocal  metal  sublattice  vector  c^x 
cpx  =  cMx  •  (DPo)/2  . 

The  corresponding  superstructure  period  cp  is  then  given  by 
cp  =  cM  •  2/  (DPO.)  , 

which  is  no  simple  integer  multiple  of  cm  in  most  cases.  Neutron 
and  diffuse  x-ray  scattering  proved  such  an  "aperiodic"  but 
dynamic  superstructure  for  KCP  (  11,12  ). 

On  the  other  hand,  the  superTattices  we  observed  (table  II) 
are  static,  as  we  see  BRAGG  diffraction  spots,  and  "aperiodic", 
but  with  still  different  periods,  at  least  in  the  first  two 

phases  A  and  An  . 

a  p 

Table  II. 

Superstructure  periods  in  K1  64  Pt(C204)2  •  4  H20,  Phase  "A" 

superstructure 

substructure  (c^)  ligand  (c|_)  shifted  metal  (c$) 

triclinic  Aq  2.84  4.00  *  cM  6.63  x  cM 

triclinic  Ap  2.84  8  4.00  9.35  M 

monoclinic  Ay  2.84  8  6.00 

The  PE I ERLS  period  may  be  calculated  from  the  composition  : 

Cp  =  5.56  x  cM  for  all  phase  A  modifications,  which  does  not 
coincide  with  any  of  the  observed  superstructures. 

Preliminary  results  show  that  the  displacements  of  the  heavy 
atoms  from  the  ideal  positions  are  transverse  instead  of 
longitudinal  as  for  KCP.  The  amplitude  of  the  "shift  wave"  is 
about  0.2  8  (Fig.  1).  There  is  also  the  case  of  a  helical  "wave" 
in  the  Ir  compound  last  mentioned  in  table  I,  where  the  radius  of 
the  helix  is  0.7  8,  and  the  period  is  9.6  x  c^. 

Many  TCMP  compounds  show  a  metallic  luster,  which  leads  to 
the  assumption  of  a  1-Dmetal  system.  Polarized  specular  reflectance 
spectra  clearly  distinguish  between  1-D  metal  and  semiconductor 
systems  (po-  and  no-TCMP),  as  the  comparison  of  KCP  and 
Ir(C0)2  acac  shows.  The  latter  is  a  no-TCMP  compound  with  Ir(+1). 

In  Fig.  2,  the  KCP  strongly  reflects  for  photon  energies  less 
than  2.0  eV  even  in  the  FIR,  if  the  light  is  polarized  parallel 
to  the  chain  direction.  The  Ir(+1)  complex  with  completely  filled 
valence  shell  displays  a  steep  maximum  in  reflectivity  up  to 
60  %  at  2.0  eV  also,  but  quite  normal  values  of  about  10  %  are 
found  in  the  IR  region.  The  substance  is,  there  fore,  no 
1-D  metal,  although  it  is  of  similar  appearance  as  KCP  (13). 
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0.1  H 


Figure  1.  Shifts  of  heavy  atoms  from  ideal  positions  in  some  1-D  metal  phases 
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Figure  2.  Polarized  specular  reflectance  spectra  of  KCP  (1-D  metal)  and  lr(CO),acac  (1-D  semiconductor) 
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Krogmann  Salts  and  the  Stability  of  Pt  2.3t 

AARON  N.  BLOCH*  and  R.  BRUCE  WEISMAN* 

The  Johns  Hopkins  University,  Baltimore,  Md.  21218 


I.  Introduction 

Salts  of  the  divalent  tetracyanoplatinate  or  diaxaloplatinate 
ions  typically  display  crystal  structures  in  which  the  planar  com¬ 
plex  anions  are  stacked  to  form  linear  chains,  separated  by  com¬ 
paratively  wide  channels  containing  counterions  and  water  mole¬ 
cules  (1) .  From  solutions  of  the  complex  which  have  been  partially 
oxidized,  crystals  can  be  grown  having  similar  structures  tut  con¬ 
siderably  reduced  metal-metal  distances  (1)  and  a  formal  platinim 
valence  (1)  close  to  2. 3+.  Nominally,  these  are  "mixed-valence " 
ccnpounds,  but  the  term  is  probably  misleading  inasnuch  as  X-ray 
(1) ,  infrared  (2,3) ,  and  photoelectron  (4)  spectroscopic  studies 
show  the  oxidation  states  of  all  the  metal  atoms  to  be  equal. 

Rather,  there  is  anple  evidence  (1,5)  for  the  formation  of  a  well- 
defined  quasi-one-dimens ional  band  structure,  including  a  par¬ 
tially  filled  conduction  band  of  appreciable  width.  Hence,  while 
their  divalent  parent  ccripounds  are  electrical  insulators  (1) ,  the 
partially  oxidized  "Krogmann  salts"  display  large  electrical  (5,6) 
and  optical  (7)  conductivities  along  the  chain  axis,  and  recently 
have  excited  widespread  interest  as  prototypes  for  the  study  of 
one-dimensional  conductors. 

From  this  point  of  view,  our  understanding  of  the  physics  of 
these  materials  is  by  now  well  developed  (5,8-10) .  Their  theoret¬ 
ical  chemistry,  however,  has  received  less  attention,  and  several 
fundamental  questions  renain  outstanding,  (a)  Why  do  these  unique 
structures  occur  in  only  two  chemical  forms  (1) ,  the  filled-band 
(Pt2+)  insulators  and  a  series  of  conductors  whose  conduction-band 
occupations  fall  in  a  narrow  range  near  five-sixths  filling  (Pt2.3+)? 
(b)  Why  do  the  intermetallic  spacings  (1)  vary  amongothe  former 
group  of  ocrrpounds  over  the  enormous  range  3.09-3.6QA,  while  those 
in  the  latter  group  are  much  shorter  and  restricted  to  the  range 
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2.88-2.98A  for  the  cyanides  and  2.80-2.85A  for  the  oxalates?  (c) 
Finally,  why  do  cyanide  and  oxalate,  alone  among  cannon  ligands  to 
platinum,  form  compounds  of  this  class? 

The  final  disposition  of  such  questions  must  of  course  await 
detailed  calculations  of  the  electronic  structure  of  the  materials, 
pending  these,  however,  enough  experimental  information  is  avail¬ 
able  to  guide  a  preliminary  inquiry  into  the  basic  principles 
involved.  Such  a  contribution  has  already  been  made  by  Krogmann 
(1) ,  who  proposed  a  plausible  answer  to  (a)  and  (b)  based  on  sim¬ 
ple  one-dimensional  band-structure  arguments.  In  this  article  we 
consider  these  arguments  in  more  detail .  We  find,  surprisingly, 
that  while  they  probably  do  answer  question  (b) ,  they  do  not 
resolve  (a) .  We  suggest  instead  that  the  fractional  valence  is  a 
covalent  molecular  effect,  and  represents  the  optimum  value  for 
stability  of  the  ccnplex  anion  itself.  A  tentative  response  to  (c) 
follows  directly. 

The  paper  is  divided  into  seven  parts.  In  Section  II  our 
approach  is  formulated  within  the  framework  of  current  empirical 
evidence.  We  conclude  that  the  arguments  of  Krogmann  (1)  are  to 
be  cast  in  terms  of  the  contribution  of  a  single  five-sixths-filled 
one-dimensional  conduction  band  to  the  internal  energy  of  the  crys¬ 
tal.  As  an  illustration,  this  calculation  is  performed  in  Section 
III  using  a  simple  tight-binding  model.  We  find  that  the  band- 
structure  energy  gained  from  oxidation  of  the  Krogmann-salt  struc¬ 
ture  to  Pt  2.3+  is  much  too  small  to  provide  a  realistic  answer  to 
question  (a).  Section  IV  inquires  whether  this  conclusion  is 
altered  significantly  by  improving  upon  the  simple  tight-binding 
model.  Appealing  once  more  to  empirical  evidence,  we  find  that 
neither  the  tight-binding  limit  nor  the  free-electron  model  recent¬ 
ly  proposed  by  Zeller  (10)  is  fully  consistent  with  experiment.  A 
simple  intermediate  treatment  corrects  this  deficiency,  tut  still 
does  not  account  for  the  stability  of  the  five-sixths-filled  band. 
We  therefore  suggest  in  Section  V  that  the  effect  must  reside  in 
the  covalent  internal  energy  of  the  complex  anion,  and  briefly  dis¬ 
cuss  the  chemical  physics  of  a  system  in  which  the  valence  can  be 
treated  as  a  continuous  variational  parameter.  We  note  that  the 
most  stable  oxidation  state  of  a  molecule  need  not  be  an  integer, 
and  that  in  practice  it  can  be  attained  only  in  unique  molecular 
crystal  structures,  such  as  those  of  the  Krogmann  salts,  in  which 
the  effective  total  charge  of  the  molecule  is  not  quantized.  The  ex¬ 
istence  of  two  stable  oxidation  states  with  the  same  general  crys¬ 
tal  structure  has  electrochemical  implications  as  well,  and  Section 
VI  presents  a  preliminary  experimental  account  of  the  electrochemi¬ 
cal  oxidation  of  a  single  crystal  of  K2Pt(CN)4*2H20  to  a  solid- 
state  galvanic  cell.  In  Section  VII  we  summarize  our  conclusions. 

II.  General  Remarks 

We  shall  find  it  useful  at  the  outset  to  review  briefly  the 
salient  physics  of  the  materials.  The  Krogmann  salts  represent  a 
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particularly  interesting  class  of  model  systems  in  which  the  roles 
of  instabilities  (11) ,  fluctuations  (9) ,  and  disorder  (8,12)  in 
the  physics  of  the  one-dimensional  electron  gas  can  be  studied 
directly.  The  metallic  state  in  one  dimension  is  inherently 
unstable  (11) ,  and  the  beautiful  experiments  of  Zeller  and  ccr- 
workers  (10)  have  shown  that  the  platimm  chains  do  undergo  a 
Peierls  distortion  (11)  with  decreasing  temperature.  The  phase 
transition  is,  however,  incomplete  (13) ,  probably  owing  to  the  in¬ 
trinsic  structural  disorder  (1)  of  the  systems.  The  static  poten¬ 
tial  fluctuations  associated  with  randan  occupantian  of  the  cam¬ 
ber  ion  and  water  sites  tend  to  suppress  the  transition,  reducing 
the  mean-field  transition  teperature  and  placing  weakly  localized 
electronic  states  in  the  Peierls  energy  gap  (12,14) .  Indeed,  we 
have  argued  elsewhere  (8,12, 15)  that  certain  features  of  the  elec¬ 
tron  transport  and  low-frequency  dielectric  response  cannot  be 
understood  in  terms  of  the  Peierls  distortion  alone,  but  arise 
frcm  a  finite  density  of  localized  states  at  the  Fermi  level. 

For  the  present  discussion  of  chemical  stability,  however,  the 
disorder  is  of  scant  importance.  The  potential  fluctuations 
required  to  explain  the  observed  transport  phenomena  (8,12,15)  are 
in  this  case  but  a  small  fraction  of  the  unperturbed  bandwidth  (14), 
and  the  configurational  entropy  associated  with  the  partially 
occupied  interchain  sites  make  a  contribution  of  but  order  kT  to 
the  total  free  energy  per  molecule  (16) .  The  electronic  entropy 
of  the  partially  filled  conduction  band  is  smaller  still  (16) .  We 
conclude  that  the  stability  of  Pt  2.3+  resides  in  the  internal 
energy  of  the  crystal,  and  that  this  is  negligibly  different  frcm 
that  of  a  hypothetical  analogous  ordered  system. 

We  write  this  energy  schematically  as: 

U  =  Uc  +  UB  +  UR  +  Um  (1) 

where  Uq  is  the  total  covalent  binding  energy  of  the  complex  anion, 
Ug  the  band-structure  stabilization  of  the  chains,  Ur  the  repulsive 
energy  between  adjacent  planar  complexes  on  a  chain,  and  the 
remainder  of  the  Madelung  energy  of  the  crystal.  Admittedly,  these 
distinctions  cure  to  some  extent  arbitrary — the  first  and  second 
terms,  for  exaiple,  are  never  fully  separable — but  we  shall  find 
them  to  be  of  conceptual  value. 

New,  vre  can  immediately  dismiss  on  anpirical  grounds  the 
possibility  that  the  number  of  conduction  electrons  per  molecule, 

Z,  and  intermetallic  spacing,  R,  in  the  Pt  2.3+  Krogmann  salts  are 
determined  primarily  by  U^.  Among  the  dozens  of  compounds  in  the 
class,  structural  and  chemical  differences  which  presumably  lead  to 
substantial  differences  in  Madelung  energy  produce  only  minor  dif¬ 
ferences  in  Z  and  R  (1) .  From  those  of  a  typical  example  such  as 
K2Pt(CN) 4Brg.3‘3H20,  these  parameters  change  but  little  when  Cl  is 
substituted  for  Br;  when  halogen  is  excluded  altogether  in  favor 
of  a  deficiency  of  cations;  when  oxalate  is  substituted  for  cyanide; 
when  any  alkali  or  alkaline  earth  metal  is  substituted  for  K;  when 
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the  water  content  is  changed;  or  when  the  gross  crystal  structure 
itself  changes  from  tetragonal  to  triclinic,  monoclinic,  or  orthor¬ 
hombic  (1) .  It  is  as  though  the  interchain  species  had  been  left 
to  adjust  themselves  to  dimensions  and  chemical  composition  which 
are  essentially  fixed  by  strong  intrachain  forces. 

Toward  an  elucidation  of  these  forces,  Krogmann  (1)  has 
suggested  in  effect  that  the  stability  of  the  oxidation  state 
Pt  2.3+  (Z=1.7)  arises  from  an  optimization  of  the  band-structure 
term  Ug.  Such  an  effect  would  represent  a  rough  one-dimensional 
analog  of  the  wall-known  Bame-Rothery  rules  (17)  for  the  composi¬ 
tion  of  alloys. 

We  shall  cast  these  arguments  in  a  simple  mathematical  form. 

As  a  preamble,  we  observe  that  in  calculating  Ug  we  are  dealing 
with  a  single  conduction  band,  not  degerate  with  any  other  band  at 
the  Fermi  level.  This  we  affirm  by  using  the  Peierls  distortion 
as  a  probe  of  band  occupancy.  The  distortion  reflects  the  under¬ 
lying  divergence  of  the  one-dimensional  electronic  response  func¬ 
tions  at  wavenumber  q=2kp,  where  kp  is  the  Fermi  wavenumber  (18) . 
Where  the  conduction  electrons  are  shared  by  two  one-dimensional 
bands  which  overlap  in  energy  at  the  Fermi  level,  the  Fermi  "sur¬ 
face"  consists  in  general  of  two  distinct  values  of  kp;  only  when 
such  degeneracy  is  absent  does  kp  assume  the  single  value  irZ/2R. 
Now,  it  is  found  (13)  experimentally  that  with  the  snail  variations 
in  Z  which  do  occur  among  the  different  Krogmann  salts  (inferred 
from  their  stoichiometries ) ,  the  period  of  the  distortion  also 
varies,  and  always  corresponds  precisely  to  a  reduced  wavenumber  of 
ttZ/R.  We  conclude  that  only  one  hand  in  the  system  is  partially 
occupied. 

Ill .  Band-Structure  Energy  Ug  in  the  Tight-Binding  Model 

For  simplicity  of  illustration,  we  treat  this  band  initially 
in  the  cne-electron  tight-binding  limit  (19) ,  and  defer  to  the  next 
section  a  discussion  of  the  adequacy  of  this  approximation  and  the 
roles  of  hybridization  and  the  Peierls  distortion.  Let  E°  be  the 
energy  of  the  relevant  molecular  orbital  |i>,  centered  on  site  i 
of  the  chain,  in  the  presence  of  the  Madelung  field  but  the  absence 
of  any  interaction  between  adjacent  molecules  on  the  chain.  When 
the  state  |i>  is  perturbed  by  the  lattice  potential  of  the  chain, 
Hl=j$ivj'  the  energy  of  the  one-electron  conduction-band  state  of 
wavenumber  k  is: 


=  E°  -  a  -  28  cos  kR  (2) 

Here  -a is  the  band  shift  <i|Hi|i>,  and -8 the  charge-transfer  inte¬ 
gral  <i|Hi|i±l>.  As  usual,  overlap  integrals  S  of  the  form<i|i±l> 
have  been  ignored. 

Clearly,  E°  contains  local  contributions  to  Uc  and  Um-  To 
evaluate  Ug,  we  integrate  the  quantity  E^-E0  over  all  occupied 
states  |k>  of  the  band: 
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UQ  =  -  Za  -  sin  (^j-)  (3) 

We  note  that  both  a  and  3  are  functions  of  R  and  Z,  and  that 
the  principal  dependence  of  8  on  these  parameters  is  surely  expo¬ 
nential.  Taking  the  radial  screening  constant  for  the  wavef unction 
|  i>  to  have  roughly  the  Slater  form  (20),  we  write  this  dependence  as 


3  exp  [-(y-nZ)R] 


(4) 


where  3o,  y,  and  n«y  are  constants. 

In  contrast,  the  variation  of  the  snail  (19)  energy  a  with 
each  of  the  parameters  R  and  Z  is  at  most  a  power- law  dependence, 
conparable  with  those  of  typical  contributions  to  the  Madelung 
energy  UM.  This  observation  has  special  significance  for  the  filled- 
band  case  Z=2,  where  %  according  to  Equation  3  is  simply  -2a. 

Under  these  circumstances,  we  expect  R  to  be  determined  largely  by 
%  rather  than  UB.  We  thereby  account  for  the  wide  variation  in  R 
among  the  divalent  parent  compounds  (1) ,  in  partial  answer  to 
question  (b) . 

With  partial  oxidation  of  these  materials  to  form  Krogmann 
salts,  the  strongly  R-  and  Z-  dependent  second  term  in  Equation  3 
enters  Ug,  and  the  situation  is  altered  drastically.  On  the  basis 
of  our  discussion  in  the  preceding  section,  it  is  not  unreasonable 
to  regard  the  interchain  channels  as  a  "charge  sink",  capable  of 
acocrunodating  as  many  counterions  as  are  necessary  to  balance  any  Z 
in  the  range  of  interest.  To  the  extent  that  this  is  true,  the 
chains  constitute  a  chemically  unique  system  in  which  the  number  of 
bonding  electrons  may  be  regarded  as  a  variational  parameter.  If, 
as  suggested  by  Krogmann  (1) ,  Z  is  determined  by  UB,  then  for 
given  R  the  observed  Z  must  correspond  to  a  minimum  in  Ug: 


3ub 

az 


R 


=  0  ” 


(a+23  cos  ~2  + 


4  93 
it  9Z 


(5) 


When  Equations  4  and  5  are  combined,  a  transcendental  equa¬ 
tion  is  obtained  relating  R  and  Z.  A  typical  solution  is  shown  in 
Figure  1.  Here  we  have  simply  determined  y  and  n  according  to 
Slater's  rules  (20) ,  and  adjusted  the  rgtio  3©/“  so  as  to  reproduce 
the  experimental  value  Z=1.7  for  R=2. 88A.  More  elaborate  fitting 
procedures  are  certainly  available,  but  we  have  found  no  physical¬ 
ly  reasonable  choice  of  parameters  which  substantially  alters 
Figure  1  or  our  final  conclusions. 

Under  the  condition  imposed  by  Equation  5,  we  are  now  in  a 
position  to  calculate  UB  from  Equations  3  and  4.  The  result  is 


Ug/a  =  -  Z  + 


_ sin  (ttZ/2) _ 

(tt/2)  cos  (ttZ/2)  +  ( 3£n3/9Z)  sin  (ttZ/2) 


(6) 


Equation  6  is  plotted  in  Figure  2,  which  represents  the  variation 
of  UB  with  R  under  the  constraint  that  each  R,  Z  is  self- 
cons  i  stent  ly  to  be  readjusted  so  as  to  minimize  UB. 

Qualitatively,  the  calculation  is  consistent  with  the 
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Figure  1.  Variation  of  conduction-band,  occupation,  Z,  with  lattice 
constant,  R,  for  a  one-dimensional  tight-binding  system  under  the 
constraint  of  Equation  5 
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R(A) 


Figure  2.  Variation  of  band-structure  stabilization  UB  with  R  and  Z  for  a 
one-dimensional  tight-binding  system  under  the  constraint  of  Equation  5. 
At  the  experimental  values  Z  =  1.7  and  R  =  2.88  A,  V B(Z)-V s(2)  is  much 
too  small  to  account  for  the  stability  of  Ft  2.3+. 
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description  offered  by  Krogmann  (1) .  For  large  R,  we  have  2=2  and 
UrAx  independent  of  R.  With  decreasing  R,  the  bandwidth  48  is 
increased,  until  the  highest-lying  states  in  the  band  become  anti¬ 
bonding  with  respect  to  E°.  The  band- structure  energy  Ug  new 
favors  partial  oxidation  of  the  chains,  and  the  parameters  2  and  R 
are  coupled  according  to  Figure  1.  With  progressive  oxidation  and 
shrinkage  of  the  lattice,  energy  Ug  is  gained  as  shewn  in  Figure  2. 
Ultimately,  however,  the  compression  and  hence  the  oxidation  must 
of  course  be  limited  by  the  repulsive  term  Ur  in  Equation  1,  which 
rises  rapidly  for  R  small  and  decreasing.  The  result  is  a  minimum 
in  the  sum  Ur+Ur  at  sane  short  R  and  fixed  oxidation  state  1<2<2, 
in  broad  agreement  with  observation. 

Quantitatively,  however,  the  description  fails.  Since  Ur  is 
positive  and  monotonic  in  R,  the  depth  of  the  minimum  in  Ur+Ur  must  be 
smaller  than  Ug(2)-Ug(2) .  According  to  Figure  2,  this  can  be  a 
large  energy  for  2<1.3,  but  for  the  observed  2  of  1.7  it  is  only 
about  0.05a.  Now,  a  is  a  snail  energy  (19):  it  is  characteristic¬ 
ally  no  more  than  a  few  tenths  of  an  electron  volt,  and  in  the  pre¬ 
sent  case  surely  no  larger  than  the  important  contributions  to  %. 
We  conclude  that  within  the  tight-binding  model,  the  depth  of  the 
hypothetical  minimum  in  Ur+Ur  at  2=1.7  is  of  order  kT  at  room  tem¬ 
perature.  Obviously,  such  a  broad,  shallow  minimum  cannot  account 
for  the  stability  of  the  five-sixths  filled  band  and  the  absence 
of  intermediate  oxidation  states  between  Pt  2.CH-  and  Pt  2.3+. 

Essentially,  the  difficulty  arises  from  the  square-root 
singularity  in  the  density  of  states  at  the  top  of  a  one-dimension¬ 
al  conduction  band.  When  a  synmetric,  one-dimensional,  tight- 
binding  band  is  half -emptied,  a  substantial  gain  in  kinetic  energy 
(of  order  3)  results.  But  when  only  one- sixth  of  the  electrons  are 
removed,  most  of  the  emptied  states  lie  in  the  region  of  the  singu¬ 
larity,  close  to  the  top  of  the  band,  and  the  gain  in  energy  is 
slight. 

IV.  Beyond  the  Tight-Binding  Approximation 

How  heavily  model-dependent  are  the  results  of  the  preceding 
section?  Let  us  examine  seme  physically  plausible  departures  from 
the  simple  tight-binding  approximation  considered  there. 

Extra  stability  is  certainly  conferred,  for  example,  by  the 
incipient  (9 , 21 )  Peierls  gap  in  the  density  of  states;  the  contribu¬ 
tion  to  UgfU^T however,  will  only  be  of  the  order  of  the  mean-field 
transition  tarperature  (18,21)  of  a  few  hundred  degrees  Kelvin. 
Further,  this  contribution  appears  at  all  fillings  Z<2,  and  is 
largest  for  2=1  (11) .  In  effect,  then,  the  Peierls  contribution 
simply  aggravates  the  trend  of  Figure  2. 

Nor  is  distortion  of  the  tight-binding  bands  through  hybridi¬ 
zation  of  the  basis  molecular  orbitals  likely  to  play  an  important 
role.  It  is  easy  to  shew  that  the  s-d  hybridization  suggested  by 
2eller  (10)  has  no  effect  upon  the  center  of  the  conduction  band, 
but  lowers  the  energy  of  the  remaining  states,  with  the  largest 
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effect  caning  at  the  top  and  bottan  extremes  of  the  band.  Ccrrpared 
with  the  symmetric  band  of  the  previous  section,  the  result  is  a 
canpressicn  of  the  top  half  of  the  band  on  the  energy  scale  and  an 
elongation  of  the  bottan  half.  This  arrcunts  to  a  further  destabil¬ 
ization  of  Pt  2.3+  relative  to  Pt  2+.  The  p-d  mixing  suggested  by 
Krogmann  (1)  has  the  opposite  effect:  it  is  syrrme try-forbidden  at 
the  center  and  edges  of  the  Brillouin  zone  and  strongest  at  the 
center  of  the  band.  Thus  it  reduces  the  density  of  states  in  the 
top  half  of  the  band  and  does  tend  to  help  stabilize  Pt  2.3+.  This 
effect  is  partially  cancelled  by  the  s-d  hybridization,  however, 
and  we  have  satisfied  ourselves  that  the  5dz2-6s  and  5dz2-6p  energy 
differences  deduced  from  spectroscopic  (22)  and  theoretical  (23) 
studies  of  the  free  complex  are  in  any  case  too  large  for  such  mix¬ 
ing  to  play  a  significant  role  in  the  structure  of  the  conduction 
band. 

Within  the  standard  tight-binding  approximation ,  then,  there 
appears  little  room  for  a  contribution  to  1%  which  accounts  for 
Pt  2. 3+.  At  this  point  it  is  natural  to  ask  to  what  extent  this 
approximation  itself  is  valid  for  the  Krognann  salts.  There  is 
strong  experimental  evidence  that  it  is  not. 

Consider,  for  exanple,  the  optical  reflectivity  (5,7,10) , 
which  shows  a  well-defined  plasma  edge  near  2  eV,  polarized  along 
the  chain  axis  and  responsible  for  the  characteristic  coppery  lus¬ 
ter  of  the  Krogmann  salts.  In  a  quasi-one-dimensional  <x>nductor, 
the  plasma  frequency  is  •  (25) : 


Wp= 


(7) 


where  N  is  the  number  of  chains  per  unit  cross-sec±ional  area,  Vp 
the  Fermi  velocity,  and  the  background  dielectric  constant. 

For  the  Krogmann  salts,  with  0^2.2,  the  Fermi  velocity  deduced  in 
this  manner  (24)  would  correspond  in  tight-binding  theory  to  an 
unreasonably  large  bandwidth  of  ca.  8.5  eV.  Indeed  Vp  is  very 
close  to  its  free-electron  value  (24) . 

This  circumstance  has  led  Zeller  (10)  to  suggest  that  due  to 
a  fortuitous  amount  of  s-d  mixing,  the  entire  conduction  band  in 
the  Krogmann  salts  has  nearly  the  free-electron  form,  with  an 
effective  mass  m*  of  unity.  In  our  view  there  is  little  founda¬ 
tion  for  this  proposal,  either  in  theory  or  in  experiment.  Che 
does  not  achieve  a  spatially  uniform  charge  distribution  through 
superposition  of  the  rapidly  oscillating  5d  and  6s  wavefunctions, 
nor  does  one  escape  the  tight-binding  limit  simply  by  adjusting 
the  geometries  of  the  basis  orbitals.  To  put  the  matter  another 
way,  the  naarly-free-electron  representation  is  fundamentally  a 
statement  about  the  ef  f ectiveness  of  the  screening  of  the  atomic 
pseudopotential,  and  not  about  the  degree  of  configuration  inter¬ 
action  between  atomic  orbitals. 

In  light  of  these  objections  it  is  not  surprising  to  find  the 
nearly-free-electron  model  inconsistent  with  experiment.  For 
example,  the  thermoelectric  power  is  small  and  positive  (6,26-28) , 
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indicating  that  in  the  vicinity  of  the  Fermi  level  the  band  is 
hole-like  rather  than  electron-like.  In  other  vrords,  although  the 
first  derivative  vp  of  the  electronic  dispersion  curve  has  approx¬ 
imately  the  free-electron  value  at  the  Fermi  level,  the  second 
derivative  has  the  wrong  sign. 

Further,  in  a  nearly- f r ee-e lectron  system  with  a  five-sixths 
filled  conduction  band  and  m*/ra=l,  it  is  readily  verified  that  the 
threshold  for  the  first  interband  optical  transition  should  occur 
at  or  above  23,000  an-i.  No  such  threshold  occurs  in  the  observed 
optical  spectrum  (7,24,29) :  indeed,  the  only  distinct  feature 
found  in  the  entire  visible  and  near-ultraviolet  region  above  the 
plasma  edge  is  the  weak  plasmon  absorption  (24,25,29)  centered  at 
15,800  cm-l.  This  absorption  has  been  studied  in  detail  by  one  of 
us  and  collaborators  (24,25) .  We  found  that  for  a  quasi— one-dimen¬ 
sional  structure  it  does  not  occur  in  the  free-electron  model,  and 
is  appreciable  only  in  the  case  of  a  relatively  narrow  band  for 
which  the  bandwidth W  is  comparable  with,  or  less  than,  Rwp.  We  con¬ 
clude  that  the  nearly- free-electron  model  is  inconsistent  with  the 
observed  optical  properties  of  the  material. 

The  failure  of  both  the  free-electron  and  tight-binding  models 
suggests  the  need  for  an  intermediate  description  within  vhich  the 
observed  plasma  frequency  and  thermoelectric  power  can  be  recon¬ 
ciled  with  the  upper  limit  on  W  inferred  from  the  plasmon  absorp¬ 
tion.  Foward  such  a  description,  we  note  that  for  a  band  as  narrow 
as  W~2  eV,  the  departures  from  the  simple  tight-binding  model  are 
unlikely  to  be  severe.  This  encourages  us  to  represent  the  correc¬ 
tions  simply  by  retaining  the  basic  tight-binding  formalism,  but 
including  the  overlap  integrals  S=<i | i±l>  vhich  were  neglected  in 
the  standard  Equation  2.  In  light  of  the  recent  molecular  orbital 
calculations  of  Interrante  and  Messmer  (23) ,  such  neglect  appears 
unjustified.  This  extension  of  the  tight-binding  approximation  is 
the  precise  analog  of  the  Wheland  extension  of  the  simple  Hiickel 
approximation  in  one-electron  ir-molecular  orbital  theory  (30) . 

With  inclusion  of  overlap,  the  one-electron  energies  of  Equa¬ 
tion  2  are  replaced  by 


Ek  =  E° 


ct+2g  cos  kR 
1+2S  cos  kR 


(8) 


with  group  velocity 


ftv,_  = 


__  (8-aS)  (2R  sin  kR) 


(1+2S  cos  kR)‘ 


(9) 


Now,  in  a  quasi-one-dimensional  metal,  the  sign  of  the  thermo¬ 
electric  power  is  determined  by  the  logarithmic  derivative  of  the 
density  of  the  states  p  (E)  with  respect  to  energy,  evaluated  at 
the  Fermi  level: 

31np  _  1  3p  3k 
3E  Ep  p  3k  3E 


iiL  cL) 

R  3k  vk; 


*F 


(10) 


In  Extended  Interactions  between  Metal  Ions;  Interrante,  L.; 

ACS  Symposium  Series;  American  Chemical  Society:  Washington,  DC,  1974. 


366 


EXTENDED  INTERACTIONS  BETWEEN  METAL  IONS 


Substituting  (9)  into  (10)  and  assuming  B»aS,  we  find  that  for 
Z=1.7  the  thermoelectric  power  is  positive  for  snail  S,  and  crosses 
zero  near  S=0.37.  Fran  the  very  snail  positive  values  observed,  we 
estimate  S~0.35.  Then  using  Equations  7  and  9  and  the  observed 
plasm  frequency  (7,24,29)  of  15,800  cm“l,  we  have  B-aS~0. 32  eV. 

The  bandwidth 


W 


_  4(B-otS) 
2 

1-4S 


2.5  eV 


(11) 


is  then  comparable  with  fiau.  The  observation  of  a  well-defined 
plasmon  absorption  (24,29)  suggests  that  the  true  value  of  W  is 
somewhat  snaller  still,  but  the  overall  agreement  with  experiment 
is  good  enough  to  dsnonstrate  that  a  minimal  improvement  upon  the 
simplest  tight-binding  approximation,  such  as  Equation  8,  is  a 
reasonably  accurate  representation  of  the  conduction  band  in  the 
Krogmann  salts. 

In  accounting  for  the  stability  of  Pt  2.3+,  however,  the  im¬ 
proved  description  fares  no  better  than  the  old.  Indeed,  the  band- 
structure  term  UB  now  tends  to  drive  Pt  2.3+  less  stable  than  Pt  2+. 
Integrating  Equation  8  (31) ,  recalling  that  S  scales  roughly  as  8, 
and  proceeding  as  in  the  previous  section,  we  find  that  with  the 
same  values  of  u  and  n,  Ug  for  Z=1.7  is  positive  with  respect  to 
2=2  by  about  0.1  eV.  This  result  is  not  substantially  altered  for 
any  physically  reasonable  choices  of  y  and  n*  Improving  the  accur¬ 
acy  of  our  representation  of  the  conduction  band  has  simply  re¬ 
affirmed  our  conclusion  that  the  stability  of  Pt  2.3+  is  not 
associated  with  the  kinetic  energy  of  the  conduction  electrons. 

V.  The  Covalent  Energy  Uc 

In  the  preceding  sections  we  have  argued  that  the  variations  in 
Uj^HJb+Ur  in  Equation  1  are  too  small,  and  possibly  of  the  wrong 
sign,  to  be  responsible  for  the  peculiar  stability  of  Pt  2.3+.  The 
remaining  term  is  the  covalent  binding  energy  of  the  complex 
cyanoplatinate  ion  itself,  and  we  now  suggest  that  this  term 
accounts  for  the  observed  effect. 

It  is  well  known  that  in  square-planar  complexes  of  d8  trans¬ 
ition  metals  the  occupied  molecular  orbitals  uppermost  in  energy 
are  weakly  antibonding.  The  complex  is  nevertheless  stable  because 
the  repulsive  contribution  from  these  orbitals  to  Uq  is  more  than 
compensated  by  the  attractive  contribution  from  other  orbitals, 
principally  the  strongly  a-bonding  alg,  b^g,  and  eu  (23,32) .  Let 
us  consider  the  oxidation  of  such  a  complex  under  concEtlons  where, 
as  in  the  Krogmann  salt  structure,  the  (time-averaged)  occupation 
Z  of  a  high- lying  orbital  may  be  regarded  as  a  continuous  rather 
than  a  discrete  variable. 

Since  the  removal  of  an  infinitesimal  amount  of  charge  from 
the  d8  ocnplex  lowers  the  occupation  of  an  antibonding  orbital,  it 
certainly  tends  to  stabilize  the  ocnplex.  With  progressive 
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oxidation,  however,  the  many-electron  wavefunction  is  readjusted 
and  the  effective  one-electron  energy-level  scheme  renormalized  so 
as  to  accomodate  the  change  in  electron-electron  interaction  and 
screening  of  the  core  potential .  In  particular,  the  high-lying 
orbitals  must  drop  in  energy,  reflecting  the  increasing  difficulty 
of  further  oxidation;  eventually  the  highest  occupied  orbital 
becomes  bonding,  and  the  oxidized  species  displays  substantial 
electron  affinity. 

In  the  case  of  square-planar  platinum  complexes,  this  has 
apparently  happened  by  the  time  one  full  electron  is  removed. 

Hence  Pt  3+  is  unstable,  and  four-coordinated  Pt  4+  does  not  occur 
in  the  square-planar  geometry.  Viewed  from  this  perspective,  the 
usual  Pt  2+  in  the  free  carplex  does  not  represent  a  true  minimum 
in  It  as  a  function  of  Z,  as  the  presence  of  filled  antibonding 
orbitals  attests.  Rather,  Pt  2+  is  the  best  compromise  which  can 
be  attained  under  the  constraint  that  Z  be  an  integer.  When  this 
constraint  is  lifted,  the  real  minimum  occurs  at  that  fractional 
oxidation  state  for  which  the  energy  of  the  partially  occupied 
orbital  passes  through  zero.  Clearly,  this  occurs  somewhere 
between  Pt  2+  and  Pt  3+,  and  we  suggest  that  in  the  cyanoplatinate 
ion  it  occurs  close  to  Pt  2.3+. 

It  is  hardly  necessary  to  emphasize  that  to  test  this  conjec¬ 
ture  requires  more  detailed  claculations  than  have  been  presented 
here.  Nevertheless,  we  are  impressed  at  this  preliminary  stage  by 
its  plausibility  and  by  the  lack  of  a  reasonable  alternative. 

Unlike  the  weak  (or  non-existent)  minimum  in  i%HJr,  the  minimum  in 
Uc  occurs  at  a  sharply  defined  value  of  Z,  and  presumably  repre¬ 
sents  a  substantial  gain  in  the  binding  energy  of  the  complex.  The 
existence  of  such  a  minimum  at  a  fractional  valence  is  not  of 
course  unique  to  cyanoplatinate,  but  probably  occurs  for  any  mole¬ 
cule  whose  ground  state  includes  filled  antibonding  orbitals.  The 
realization  of  the  minimum  in  practice,  however,  requires  a  unique 
structure,  such  as  that  of  the  Krogmann  salts,  in  which  covalent, 
metallic,  and  ionic  bonding  coexist. 

VI.  Electrochemical  Oxidation  of  Crystalline  K^Pt (CN) ^  to  a  Solid- 
State  Galvanic  Cell 


Before  concluding,  we  digress  to  remark  that  the  existence  of 
two  stable  oxidation  states  in  the  same  general  crystal  structure 
has  interesting  practical  ramifications.  In  particular,  the 
materials  are  known  to  exhibit  ionic  conductivity.  It  has  been 
shewn  by  Garm  and  Underhill  (33),  and  independently  by  others  (28,34), 
that  sufficiently  strong  electric  fields  reduce  the  Krogmann  salt 
K2Pt(CN)4Bro.3*2.3H20  to  a  compound  of  divalent  platinum. 

We  have  found  that,  contrary  to  an  assertion  by  Germ  and 
Underhill  (33) ,  the  reverse  reaction  can  also  be  induced:  hydrated 
single  crystals  of  K2Pt(CN)4  are  easily  and  reversibly  oxidized  by 
application  of  modest  electric  fields  along  the  needle  axis,  using 
mercury  or  silver-paste  electrodes.  After  the  field  is  raised 
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above  a  threshold  of  ca.  100  V/cm,  the  resistance  falls  abruptly 
by  two  orders  of  magnitude,  and  a  dark,  copper- colored  area  forms 
at  the  anode  and  spreads  toward  the  cathode,  where  vigorous  evolu¬ 
tion  of  hydrogen  gas  is  observed.  When  the  polarity  is  reversed 
the  reaction  is  reversed  also,  and  the  sharp  boundary  between  the 
tvo  phases  recedes  until  the  original  white  crystal  is  recovered. 

At  constant  temperature,  humidity,  and  applied  voltage,  the 
current  does  not  diminish  as  the  reaction  proceeds  to  completion. 
The  (hydrated)  product  crystal  displays  the  coppery  lusture  and 
dichroism  characteristic  of  Krogmann  salts  (1) ,  and  has  shrunk  to 
about  90%  of  its  former  length;  this  corresponds  to  the  typical 
difference  in  the  lattice  spacing  R  between  Krogmann  salts  and 
their  divalent  parent  compounds  (1) . 

By  monitoring  the  infrared  transmission  spectrum  of  the  crys¬ 
tal  as  the  reaction  proceeds,  we  confirm  that  the  product  is  a 
Krogmann  salt,  and  that  Pt  2+  and  Pt  2.3+  are  the  only  oxidation 
states  present  in  measurable  quantity.  We  have  accumulated  evi¬ 
dence  that  the  reaction  proceeds  via  a  proton- transfer-and- 
reduction  mechanism  similar  to  that  suggested  by  Lecrone  and 
Perlstein  (35)  for  the  electrochemical  reduction  of  mixed-valence 
oxaloplatinate  systems,  and  we  assign  to  the  product  the  previous¬ 
ly  unreported  formula  K2Pt((U) 4 (0H)x*nH2O,  where  x~0.3. 

If  the  applied  field  is  removed  before  the  reaction  is  com¬ 
plete,  a  potential  difference  exists  between  the  oxidized  and 
unoxidized  sections,  and  the  partially  converted  crystal  acts  as  a 
galvanic  cell.  The  Krogmann- salt  region  is  the  anode.  Because  of 
the  high  internal  resistance  associated  with  the  K2Pt  (CN)  4  section, 
this  miniature  solid-state  battery  functions  as  a  current  rather 
than  a  voltage  source.  As  in  the  initial  oxidation,  the  current 
is  quite  sensitive  to  water  vapor  in  the  surrounding  atmosphere, 
and  is  in  fact  a  measure  of  relative  humidity.  Near  100%  humidity 
and  22°C,  we  find  typical  current  densities  of  ca.  5  ma/an2  and  an 
open-circuit  potential  of  1.35  V. 

VII.  Sunmary  and  Conclusions 

We  summarize  our  conclusions  as  follows.  The  partially 
oxidized  Krogmann  salts  are  characterized  by  a  single  five-sixths- 
filled  conduction  band  which  is  adequately  described  neither  by  the 
nearly-free-electron  model  nor  by  conventional  tight-binding  theory. 
Instead,  a  reasonable  intermediate  representation ,  consistent  with 
experiment,  is  obtained  by  extending  the  tight-binding  formalism 
to  include  the  effects  of  orbital  overlap  between  neighboring 
molecules. 

The  electronic  kinetic  energy  of  such  a  band  cannot  account 
for  the  stability  of  the  five-sixths  filled  band  (Pt  2.3+) . 

Rather,  we  suggest  that  the  appearance  of  this  phase  is  a  molecu¬ 
lar  effect,  representing  the  minimization  of  the  covalent  binding 
energy  of  the  complex  anion  with  respect  to  the  band  occupation  Z. 
Such  an  effect  can  only  occur,  of  course,  in  an  unusual  crystal 
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structure  in  which  the  oxidation  state  of  the  complex  is 
continuously  adjustable. 

Once  Z  is  fixed  in  this  manner,  the  intermetallic  spacing  R 
is  closely  controlled  by  the  band  energy  Ug  as  suggested  by 
Krogmann  (1)  and  depicted  in  Figure  1.  In  contrast,  R  in  the  Pt  2+ 
parent  compounds  is  determined  by  the  Madelung  energy  %,  and  hence 
varies  widely  from  compound  to  compound. 

Thus  we  answer  questions  (a)  and  (b)  posed  in  the  Introduction. 
In  response  to  (c) ,  we  suppose  that  only  in  the  oxalo-  and  cyancr- 
platinate  complexes  is  the  balance  between  a-bonding  and  tt- "back- 
bonding"  such  that  the  5aig(dz2)  orbital  lies  high  enough  in  energy 
to  form  a  band  which  can  be  oxidized  to  Z=1.7.  For  example,  this 
band  must  not  intersect  any  of  the  flat  bands  derived  from  the 
other  high-lying  occupied  orbitals  (23)  above  the  Z=1.7  Fermi  level. 

If  these  conclusions  are  correct,  it  appears  likely  that  the 
partially  oxidized  Krogmann  salts  are  chemically  unique  systems  in 
which,  by  accident,  a  set  of  rather  exacting  energetic  and  struc¬ 
tural  criteria  are  simultaneously  satisfied.  If  this  is  so,  then 
the  synthetic  search  for  analogs  is  likely  to  be  frustrating. 

Finally,  we  remark  that  these  considerations  probably  do  not 
apply  to  most  of  the  organic  TCNQ  salts  (12,27,36) ,  whose  struc¬ 
tural  and  physical  properties  are  in  seme  respects  similar  to  those 
of  the  Krogmann  salts.  Here  packing  considerations  seem  to  pre¬ 
clude  any  adjustment  of  the  counterion  population  so  as  to  minimize 
Uc,  and  the  anall  value  of  W  severely  limits  the  influence  of  U^. 

A  partial  exception  is  the  newly  developed  class  of  organic  semi- 
metals  such  as  TTF-TCNQ  (36) ,  in  which  the  conduction  electrons  are 
distributed  between  two  different  species  of  conducting  chains. 

In  these,  the  best  organic  conductors  known,  there  is  real  premise 
of  adjusting  Z,  and  hence  the  electrical  properties,  through 
chemical  control  of  Uc  (36) . 
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The  Peierls  Transition  in  One-Dimensional  Solids 

H.  R.  ZELLER  and  P.  BRUESCH 

Brown  Boveri  Research  Center,  CH-5401  Baden,  Switzerland 


In  his  book  "Quantum  Theory  of  Solids"  (jL)  Peierls  shows 
that  a  one-dimensional  metal  is  inherently  unstable  and  will 
undergo  a  phase  transition  into  a  semiconducting  state.  Almost 
simultaneously  and  independently  the  theory  of  this  phase  tran¬ 
sition  was  worked  out  by  Frohlich  (2) .  Frohlich  showed  that  the 
phase  transition  may  result  in  a  low  temperature  state  which  is 
not  semiconducting  but  superconducting  with  transition  tempe¬ 
ratures  not  restricted  to  the  cryogenic  range. 

Recently  experimental  systems  have  been  studied  which  under¬ 
go  a  Peierls  transition  and  which  are  potential  candidates  for 
the  Frohlich  mechanism  of  superconductivity.  In  particular  the 
transition  was  shown  to  occur  in  K2  [Pt(CN)4]  Brfl  *3(H20)  (KCP) 
and  related  salts  (3) .  There  is  evidence  that  a  Peierls  tran¬ 
sition  also  takes  place  in  TTF  TCNQ  (4) . 

In  the  following  we  will  restrict  the  discussion  to  the  best 
understood  system,  i.e.,  K2  [Pt(CN)4]  Br0  30"3(H2O).  For  a 
general  introduction  the  reader  is  referred  to  reference  (3). 

Before  we  turn  to  the  discussion  of  the  Peierls  instability, 
there  is  one  point  which  should  be  made  in  connection  with 
extended  metal-metal  interactions.  At  first  sight  it  would  seem 
that  due  to  the  small  overlap  a  tight  binding  model  for  the  band 
structure  should  be  a  very  good  approximation,  i.e.,  the  carriers 
would  be  holes  in  a  dz2  band.  It  came  as  a  big  surprise  when  we 
discovered  that  the  conduction  band  is  definitely  not  a  sinusoidal 
tight  binding  band  but  rather  a  parabolic  free  electron  band  with 
effective  mass  m*  ~  me.  Although  this  sounds  highly  implausible 
at  first  sight,  it  can  be  explained  as  typical  dimensionality 
effect.  Nearly  free  electron  behaviour  means  nearly  constant 
electron  density.  As  can  be  seen  from  Fig.  1  a  nearly  constant 
electron  density  along  the  strand  axis  can  be  achieved  at  a 
relatively  modest  overlap  of  the  wave  functions  (in  this  case 
dz2-s  orbitals).  This  is  not  possible  in  two  or  three  dimensions. 
The  essential  features  of  the  argument  can  also  be  visualised  as 
follows:  In  an  array  of  spheres  It  is  always  possible  to  have  them 
touch  in  one  line  but  there  Is  always  empty  space  between  the 
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spheres  in  a  plane  or  in  3-d  space.  Thus  as  a  function  of  over¬ 
lap,  free  electron  behaviour  is  reached  much  earlier  in  1-d 
systems  than  in  2-d  and  3-d  ones.  Of  course  free  electron 
behaviour  is  restricted  to  the  strand  axis  (5) . 

In  the  following  we  will  discuss  the  Peierls-Frohlich  tran¬ 
sition  and  the  possibility  of  high  temperature  superconductivity 
based  on  the  Frohlich  mechanism.  Below  the  phase  transition  a 
sinusoidal  distortion  of  the  strands  takes  place  such  that  an 
energy  gap  at  the  Fermi  energy  is  created  (6) .  For  instance  in  a 
quarter  filled  band  this  distortion  will  have  the  period  of  four 
lattice  spacings,  splitting  the  conduction  band  into  a  filled  and 
three  empty  bands.  Above  the  transition  temperature  a  precursor 
shows  up  in  the  form  of  a  soft  lattice  vibration  which  corresponds 
to  the  low  temperature  static  distortion.  Due  to  the  one¬ 
dimensional  nature  of  the  system  fluctuations  are  extremely  impor¬ 
tant.  There  is  in  general  no  sharp  transition  but  a  very  gradual 
transformation  from  a  metallic  into  a  semiconducting  state. 

Associated  with  the  sinusoidal  distortion  is  a  sinusoidal 
charge  density  wave  (CDW) .  Frohlich  had  realized  that  within  a 
continuum  model  the  free  energy  of  the  system  does  not  depend  on 
the  phase  of  the  CDW.  This  implies  that  the  CDW  can  be  shifted 
freely  up  and  down  the  strands  without  any  activation  energy.  As 
in  conventional  superconductivity  the  presence  of  an  energy  gap 
effectively  inhibits  scattering  processes.  Thus  the  system 
should  behave  as  a  superconductor  with  the  electrons  surfing  on 
the  propagating  lattice  distortion  (Fig.  2). 

The  existence  of  a  Peierls  distortion  in  KCP  was  clearly 
demonstrated  by  diffuse  x-ray  scattering  (7)  and  inelastic 
neutron  scattering  (8)  experiments.  Also  the  Peierls  gap  shows 
up  in  the  optical  spectra  at  low  temperatures  at  about  0.2  eV  (9) . 

Next  we  turn  to  the  central  question  whether  the  Peierls- 
Frohlich  transition  really  leads  to  superconductivity.  For  a 
conventional  BCS  superconductor  the  conductivity  cr  (o>)  is 
represented  by  a  6-function  at  u)  *=  o  and  a  peak  at  energies  cor¬ 
responding  to  the  breaking  of  a  Cooper  pair.  In  an  analogous 
fashion  the  ideal  Frohlich  superconductor  should  exhibit  a  6- 
function  at  0)  ■  o  and  a  peak  at  a)  »  Eg,  where  Eg  is  the  Peierls 
gap.  Figure  3  shows  the  experimental  result  on  KCP  at  40°K 
obtained  from  Kramers  Kronig  analysis  of  reflectivity  data.  The 
peak  at  u)  *  1600  cm-1  »  0.2  eV  corresponds  to  excitations  across 
the  Peierls  gap.  But  instead  of  a  6-function  at  u  »  o  Frohlich 
collective  mode  produces  a  peak  with  finite  width  centered  at 
about  2-4  meV  dependent  on  sample  perfection.  At  higher  tempe¬ 
ratures  the  peak  gets  broader  and  disappears  around  200°K. 

In  their  fundamental  paper  Lee,  Rice  and  Anderson  (10)  have 
discussed  why  no  true  superconductivity  based  on  the  Frohlich 
mode  is  expected.  Due  to  commensurability  with  the  lattice  para¬ 
meter,  to  random  potentials  provided  by  impurities  or  disorder 
and  to  3-d  coupling  the  translational  invariance  is  broken  and 
the  CDW  is  pinned.  This  corresponds  to  a  spring  constant  and 
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Figure  1 .  Even  at  a  relatively  small 
overlap  hybridized  dj2-s  orbitals 
have  an  electron  density  which  does 
not  depend  on  z,  and  hence  the  sys¬ 
tem  is  free  electron  like  in  the  z -di¬ 
rection.  The  same  is  true  for  higher 
dimensions. 


Figure  2.  Electron  transport  by  the  Frohlich  collective  mode.  As  in  any  in¬ 
sulator  the  electrons  are  bound  to  a  periodic  potential.  In  the  Feierls  Frohlich 
state  the  periodic  potential  is  not  fixed  in  space  but  propagating  and  able  to 
carry  an  electric  current  along  the  strands. 
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hence  the  conductivity  peak  will  be  centered  not  at  oj  -  o  but  at 
a  small  (compared  with  Eg)  but  finite  frequency.  Lifetime  effects 
which  are  particularly  important  at  higher  temperature  cause  a 
finite  width  of  the  peak  instead  of  a  5-function.  As  a  con¬ 
sequence  in  the  region  of  the  transition  temperature  the  Frohlich 
mode  may  contribute  to  or  even  dominate  the  dc  conductivity. 
Whether  this  is  the  case  or  not  can  most  easily  and  directly  be 
determined  from  measurements  of  R  (co)  in  the  microwave  and  far 
infrared  region.  Due  to  the  large  effective  mass  of  the  Frohlich 
mode  its  oscillator  strength  is  small  and  it  can  at  most  form  a 
narrow  peak  in  a  (to)  superimposed  on  the  very  broad  single 
particle  conductivity. 

From  what  we  have  learned  on  the  model  system  KCP  it  seems 
feasible  to  synthesize  systems  which  exhibit  a  sufficiently 
small  pinning  force  such  that  high  dc  conductivities  based  on  the 
Frohlich  mode  can  be  achieved.  A  large  part  of  the  work  on  KCP 
described  in  this  paper  was  carried  out  in  collaboration  with 
D.  Kuse,  M.J.  Rice  and  S.  Strassler.  We  also  wish  to  acknowledge 
stimulating  discussions  with  P.  Fulde  and  T.M.  Rice.  Fig.  2  is 
due  to  L.  Niemeyer. 
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Properties  of  K2Pt(CN)4Br0.3o  •  3HzO 

R.  B.  SAILLANT  and  R.  C.  JAKLEVIC 

Ford  Motor  Co.,  P.O.  Box  2053,  Dearborn,  Mich.  48121 


The  purpose  of  this  report  is  to  describe  the  variations  in 
the  composition  of  K2Pt (CN) 4Brg ^ 30 »3H20,  the  chemical  methods 
used  to  minimize  these  variations,  and  a  physical  method  that  re¬ 
flects  the  intrinsic  physico-chemical  properties  but  is  sensitive 
to  small  material  variations. 

Early  attempts  to  grow  crystals  of  the  mixed-valence  plati¬ 
num  salt  resulted  in  crystals  which  were  pitted,  exhibited  trans¬ 
verse  striations  and  tended  to  grow  very  rapidly  in  the  needle 
direction.  Cavities  and  pits  had  been  reported  by  other  workers 
(1) .  Neutron  activation  analysis  of  typical  crystals  revealed 
chloride  contamination  of  the  bromide  salt.  Results  of  this 
study  have  appeared  (2) .  The  crystal  growth  affords  a  partition¬ 
ing  between  chloride  and  bromide  which  strongly  favors  the  chlo¬ 
ride  complex  in  the  solid  state. 

The  solution  behavior  of  K2Pt(CN)4Br0>30*3H2O  was  examined 
to  determine  if  exchange  reactions  might  occur  since  Pt(II)  is 
known  to  catalyze  Pt(IV)  substitution  reactions  (3).  The  elec¬ 
tronic  spectrum  from  10,000  to  40,000  cm-1  of  K2Pt(CN>4  was  taken 
and  compared  to  that  of  K2Pt (CN)  i,Br2 ,  fig.  1.  One  maximum  was 
observed  for  each  complex  in  this  region.  K2Pt(CN>4  exhibited  a 
transition  at  35,900  cm-1,  e  =  1528 ,  previously  identified  as  a  metal 
to  ligand  charge  transfer  band  (£) .  K2Pt(CN>4Br2  exhibits  a  max¬ 
imum  at  29,200  cm-1,  e  =  1280,  which  is  located  in  an  e  =  0 
region  of  the  K2Pt(CN>4  spectrum.  The  energy  separation  of  these 
two  maxima  and  knowledge  of  the  extinction  coefficients  enable 
one  to  obtain  an  exact  ratio  of  Pt(II)/Pt(IV)  and,  therefore,  fix 
the  stoichiometry  of  the  mixed-valence  complex.  When,  however, 
crystals  of  the  mixed-valence  complex  are  dissolved  in  aqueous 
solution,  fig.  2,  the  spectrum  is  not  that  expected  from  the  pro¬ 
portional  mixing  of  the  starting  compounds.  The  crystals  must  be 
dissolved  in  0.5N  KBr  in  order  to  suppress  interference  due  to 
aquation  and  hydrolysis  products.  When  the  spectrum  is  obtained 
in  0.5N  KBr  solutions,  the  ratio  of  Pt(II)  to  Pt(IV)  is  deter¬ 
mined  to  be  3.333  ±  .004.  This  corresponds  to  0.30  bromide  atoms 
per  complex  if  the  platinum  (IV)  is  present  as  K2Pt  (CN)4Br2.  other 
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Figure  2.  Solution  spectra  of  K,Pt(CN)_,,Br(i without  KBr 
(broken  line)  and  with  0.5N  KBr  (solid  line) 
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MIN.  x  I0"2 


Figure  3.  pH  vs.  time  for  solutions  containing 
K,Pt(CN)^Cl2  without  KCI  ( — A — A — A — )  with 
0.2  N  KCI  (—0—0—0—) 


Microwave  Reflectance  Spectrometer 

Figure  4.  Experimental  setup ,  B.W.O.  —  backward  wave 
oscillator 
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methods  including  X-ray  fluorescence  suggest  the  ratio  of  K:Pt:Br 
as  2:1:0.30  { 5_)  which  generally  supports  the  bromide  concentra¬ 
tion. 

The  hydrolysis  of  the  platinum  (IV)  complex  may  be  followed 
by  observing  the  change  in  pH  with  time  (6)  .  The  rate  and  extent 
of  hydrolysis  of  the  chloro-complex  is  much  more  rapid  than  the 
bromide  complex  and  is  shown  in  fig.  3.  It  is  possible  to  sup¬ 
press  hydrolysis  by  the  addition  of  the  halide  salt.  The  con¬ 
tamination  of  the  bromo-complex  by  chloride  may  be  the  result  of 
the  increased  lability  of  the  chloride  compound.  This  increased 
lability  might  play  a  role  in  the  growth  of  the  solid  phase,  which 
contains  square  planar  platinum, from  the  solution  phase  which 
contains  both  square  planar  and  octahedral  platinum  complexes. 

In  the  following 

X-Pt-X2-  +  Pt2-eS2X— Pt2-  (1) 

(Pt)n  +  X-Pt2-^5  (Pt)n-Pt-X2-  (2) 

(Pt)n-Pt-X2_  +  Pt2-«2 1  Cpt)n+2  +  X-P>t3-  (3) 

reaction  sequence  the  cyanide  ligands  have  been  omitted  for 
clarity.  The  more  labile  the  halide  is  in  the  left  hand  species 
in  reaction  3,  the  more  rapidly  the  solid  phase  would  grow. 

Thus,  the  competition  of  chloride  and  bromide  depends  on  their 
respective  labilities  at  this  step  (2_)  . 

Special  care  must  be  taken  to  grow  ^Pt  (CN)  4Brg  t  30 *3^0  from 
only  the  purest  materials  and  the  salt  is  prepared  from  high 
purity  platinum  metal.  The  best  crystals  are  grown  from  solutions 
which  are  tenth  normal  in  KBr  and  1  molar  in  urea.  These  crystals 
show  no  pits,  no  transverse  etch  marks  and  no  channels.  In  addi¬ 
tion,  the  urea  acts  to  retard  the  growth  along  the  needle  axis 
and  the  result  is  large  0.8  x  0.8  x  2  cm  crystals  suitable  for 
various  types  of  physical  measurements  (2) . 

The  physical  measurement  used  in  this  study  involves  the  un¬ 
usually  high  dielectric  constant  reported  for  ^Pt (CN) 4Brg . 30 ' 
3H2O.  The  condition  for  resonance  of  a  dielectric  is  that  the 
size  must  be  <v,  (Xo//z)  where  Xo  is  the  free  space  wavelength  and 
e  is  the  dielectric  constant.  Since  e  has  been  reported  to  be 
about  10 3  (1) ,  millimeter  type  dimensions  are  to  be  expected  at 
1010Hz  frequencies. 

The  dielectric  resonator  is  analogous  to  a  resonant  metal 
cavity  in  that  the  highly  reflecting  dielectric  walls  serve  to 
trap  waves  in  the  dielectric.  However,  the  size  of  the  resonant 
dielectric  is  reduced  by  the  factor  e-1/2  and  therefore,  for  large 
dielectric  constant  materials,  the  crystal  can  be  placed  directly 
inside  a  standard  microwave  waveguide  and  the  resonance  observed 
by  finding  the  wavelength  at  which  the  crystal  absorbs  power. 

For  an  anisotropic  material,  with  values  e n  and  eA  parallel 
to  and  perpendicular  to  the  c-axis  respectively,  a  rectangular 
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parallelepiped  of  dimensions  a,  b  and  c  will  have  resonant  fre¬ 
quencies  fQ  given  by 


f2fo1 

2  =  1 

(- ) 2  +  {-)2 

vcJ 

en 

a  b  j 

+  - 
H  c 


(4) 


where  the  integer  t  or  m  >  0  and  the  integer  n  >  0  and  vc  = 

3  x  1010  cm/sec.  These  modes  are  TM (H)  modes  in  which  the  mag¬ 
netic  field  is  everywhere  transverse  to  the  c-axis  and  the  exter¬ 
nal  fields  are  magnetic  multipole  in  character.  The  lines  of 
electric  field  tend  to  be  circular  while  magnetic  lines  are  per¬ 
pendicular  to  the  boundaries.  The  TE  modes  also  exist  but  do  not 
have  low  frequency  resonant  modes  since  only  Ej_  is  involved  in 
the  frequency  equation  and  e±  =  4.0.  To  derive  Eq.  4,  the  so- 
called  open-circuit  boundary  conditions  are  used  in  which  the 
parallel  and  perpendicular  components  of  E  and  H  respectively  are 
a  maximum  at  the  boundary,  while  their  respective  perpendicular 
and  parallel  components  are  zero.  These  are  the  exact  opposites 
of  the  conditions  imposed  at  a  metal  boundary,  and  are  appropri¬ 
ate  for  a  nearly  infinite  dielectric  constant  material.  Hence 
Eq.  4  is  only  approximate  and  experience  has  shown  that  it  can  be 
off  by  as  much  as  25%  for  low  order  modes  even  when  e  >  100  (7) . 
Theoretical  arguments  show  that  the  direction  of  the  error  is 
such  that  observed  resonant  frequencies  are  higher  than  predicted 
by  Eq.  4;  hence  one  would  underestimate  Cp  or  £j_ .  Higher  order 
modes  are  expected  to  obey  Eq.  4  more  accurately.  An  accurate 
theory  for  anisotropic  dielectric  resonators  does  not  exist  at 
present. 

The  microwave  measurements  were  done  in  a  simple  reflectance 
spectrometer  between  4  and  20°K.  The  experimental  detail  has 
been  presented  elsewhere  (8) .  The  results  provide  values  for  eM 
and  ex  of  3000  and  4.0  respectively  which  must  be  considered 
lower  limits.  This  method  is  very  sensitive  to  impurities, 
crystal  imperfection  and  dehydration,  and  is  non-destructive. 
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A  SCF-Xa-SW  Investigation  of  Solid  State 
Interactions  in  Pt(CN)4”~  Complexes 

L.  V.  INTERRANTE  and  R.  P.  MESSMER 

General  Electric  Corporate  Research  and  Development,  P.  O.  Box  8, 
Schenectady,  N.Y.  12301 


Introduction 

Recent  work  on  the  compounds,  K,Pt(CN)4X.  (x  ”  c^> 

Br,  hereafter  referred  to  as  KCP)  ana  some  related  non-stoichio- 
metric,  mixed-valence  platinum  and  iridium  complexes,  has 
evidenced  highly  directional  electrical  and  optical  properties  in 
the  solid  state,  consistent  with  largely  one-dimensional  inter¬ 
actions  among  the  constituent  planar  complex  units  (1) .  X-ray 
diffraction  studies  suggest  that  the  primary  interatomic  inter¬ 
actions  are  within  the  linear,  parallel  chains  of  closely  spaced 
metal  atoms  which  result  from  the  columnar  stacking  of  these 
units  (2) . 

The  nature  of  these  interatomic  interactions  and  their 
relationship  to  the  unusual  solid  state  behavior  of  these  systems 
is  not  very  well  understood  at  present.  It  has  been  suggested 
that  the  interactions  of  primary  importance  are  those  involving 
the  "dz2"  orbitals  on  the  metal  atoms  which  overlap  in  the  solid 
to  produce  a  one-dimensional  band  of  states  of  appreciable  width 
(1_,2).  For  the  Pt(CN)4n“  complexes,  an  energy  level  scheme 
deduced  from  spectral  and  magnetic  circular  dichroism  data  which 
places  the  "dz2"  orbital  as  the  highest  occupied  level  in  the 
free  Pt(CN)42-  ion  (3)  is  generally  assumed  as  the  appropriate 
starting  point  for  the  discussion  of  the  electronic  structure  of 
the  solid  complexes.  In  the  case  of  the  KCP  derivatives,  this 
leads  directly  to  the  conclusion  that  the  Fermi  level  position 
must  lie  within  a  dz2-like  band  (Figure  1)  (A). 

Recent  ESR  results  lend  support  to  this  conclusion  regarding 
the  Fermi  level  position  in  KCP  (5);  however,  the  assumption  that 
the  "dz2"  orbital  is  also  the  highest  occupied  level  in  the  free 
Pt(CN)42-  ion  is  still  open  to  question.  Indeed,  the  order  of 
the  d-like  orbitals  in  this  ion  have  been  the  subject  of  much 
controversy  in  the  past  and  at  the  present  time  the  experimental 
evidence  does  not  permit  any  definite  conclusions  in  this  regard 
(6). 
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As  part  of  a  detailed  theoretical  study  of  the  electronic 
structure  of  the  KCP  system  we  have  carried  out  some  molecular 
orbital  calculations  using  the  self-consistent-f ield-Xa-scattered 
wave  (SCF-Xa-SW)  method  on  the  Pt(CN)„2"  ion  and  a  dimer  unit, 
fPt(CN)  2-]  ,  arranged  in  the  configuration  found  in  KCP  solid 
(2) .  The  intent  of  these  studies  is  to  investigate  the  inter- 
molecular  orbital  interactions  and,  in  general,  the  transformation 
in  electronic  structure  that  occurs  on  formation  of  a  molecular 
solid  such  as  KCP  from  its  constituent  planar  complex  units. 

Preliminary  results  of  the  Pt(CN)^2~  calculation  have  been 
reported  elsewhere  (7).  This  paper  describes  further  details 
regarding  this  calculation  and  the  results  of  the  study  of  the 
dimer  unit. 
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Figure  1.  Previously  postulated  energy  level  scheme  for  Pt(CN).f  and 
the  KtPt(CN)iXo.3  ■  3H.O  complexes  (ef.  Ref,  1  and  4) 


Method  of  Calculation 


The  SCF-Xa-scattered  wave  method  (8_,_9_)  used  in  these 
calculations  employs  the  Xa  theory  of  Slater  (10)  and  the 
multiple  scattering  formalism  of  Johnson  (11)  to  solve  the  Xa 
equations.  The  Xa  theory  is  a  one-electron  method  and  is  thus 
similar  in  this  respect  to  the  more  traditional  Hartree-Fock 
theory.  However,  unlike  the  Hartree-Fock  theory  which  has  a  non¬ 
local  exchange  potential,  the  Xa  has  a  local  exchange  potential 
proportional  to  the  cube  root  of  the  electronic  charge  density. 

The  latter  fact  makes  it  possible  to  set  up  a  multiple 
scattering  formalism  for  a  molecule  or  cluster  of  atoms  which  is 
similar  in  many  respects  to  the  Korringa-Kohn-Ro stoker  method  (12) 
in  the  theory  of  energy  bands  in  solids. 

In  the  scattered  wave  method,  the  space  occupied  by  a  mole¬ 
cule  is  divided  into  three  regions.  Region  I  consists  of 
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spherical  volumes  located  about  the  centers  of  the  respective 
atoms,  so  constructed  that  the  spheres  are  tangent  to  one  another 
[or  more  generally,  are  somewhat  overlapping  (13,14) ] .  Region  II 
Is  the  volume  outside  the  atomic  spheres  and  Inside  an  "outer 
sphere"  which  surrounds  the  molecule  and  Is  centered  at  the  mole¬ 
cular  center;  this  outer  sphere  Is  constructed  to  be  tangent  to 
the  atomic  spheres  at  the  extremities  of  the  molecule.  Region 
III  is  the  space  outside  the  outer  sphere.  In  the  case  of  ionic 
species,  such  as  the  ones  considered  here,  the  electrostatic 
potential  provided  by  the  surrounding  medium  in  solid  or  solution 
is  approximated  by  surrounding  the  Ion  by  a  sphere  [the  so-called 
Watson  sphere  (15) ]  with  a  charge  opposite  to  that  on  the  ion. 

In  each  of  the  atomic  spheres  a  value  of  a,  the  exchange 
parameter,  is  used  which  has  been  determined  from  atomic 
calculations  (16).  The  values  of  a  and  the  atomic  sphere  radii 
used  for  the  Pt(CN)  2-  case  have  previously  been  given  (7);  these 
same  values  are  employed  here  for  the  dimer.  The  outer  sphere 
and  Watson  sphere  radii  in  the  case  of  the  dimer  were  both  set 
at  7.828  Bohr. 

The  SCF-Xot-SW  method  has  been  applied  to  analogous  square- 
planar  systems  (17,18,19)  such  as  PtCl  2-,  PdCl4 2~  and 
[PtCl3 (C2H4) as  well  as  a  variety  of  other  transition  metal 
complexes  (20,21)  with  a  great  deal  of  success.  The  optical 
properties  and,  when  available,  x-ray  photoemission  spectra  in 
each  case  have  been  found  to  be  in  very  good  accord  with 
experiment. 

Results  and  Discussion 


The  results  of  the  calculations  on  both  the  Pt(CN)42_  and 
[Pt(CN)42~]  units  are  given  in  Figure  2  in  the  form  of  one- 
electron  orbital  energy  level  diagrams. 

For  the  Pt (CN) 4  2~  ion  there  are  several  features  of  the 
calculation  which  are  particularly  noteworthy.  First  of  all, 
contrary  to  previous  assumptions,  we  find  extensive  admixture  of 
metal  "d"  orbitals  with  ligand  a  and  tt  orbitals  in  many  of  the 
molecular  orbitals  of  the  complex  suggesting  an  appreciably 
covalent  metal-ligand  bonding  interaction.  This  is  illustrated 
in  Table  I  which  lists  the  proportion  of  orbital  charge  in  metal 
and  ligand  atomic  spheres  for  several  of  the  highest  occupied 
molecular  orbitals.  Appreciable  metal  d-orbital  character  is 
evident  in  the  relatively  deep  leg,  lb2g  and  4ajg  bonding 
orbitals  as  well  as  their  antibonaing  counterparts,  2eg,  2b2g 
and  5ajg  at  higher  energy.  The  extensive  metal-ligand  overlap  in 
the  lb2g  orbital,  for  example,  is  illustrated  in  Figure  3. 
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Figure  2.  Partial  one-electron  molecular  orbital  energy  level  diagram  for  [ Pt(CN)$  ]  2 
(C4v  symmetry )  and  Pt(CN )42’  CD4h)  showing  all  states  above-12  eV  and  the  correlation 

between  orbitals 
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Table  I 


Molecular  Orbital  Charge 


Distribution  For  Pt(CN)\ 


%  of  Orbital  Charge 


Orbital 

pt 

C 

N 

Inter-sphere 

Outer  Sphere 

00 

CM 

CM 

34.0 

10.8 

28.4 

24.7 

2.0 

2e 

25.9 

14.4 

31.1 

26.9 

1.8 

g 

la2g 

0.0 

23.9 

39.3 

35.0 

1.8 

5e 

u 

1.3 

27.7 

34.5 

34.8 

1.7 

lb2u 

0.0 

24.3 

36.9 

37.0 

1.7 

5alg 

72.7 

4.2 

1.4 

21.3 

0.4 

2a2u 

1.3 

24.4 

32.1 

40.4 

1.8 

4e 

u 

13.0 

37.8 

19.7 

26.6 

2.9 

le 

65.8 

9.5 

6.4 

17.9 

0.3 

g 

lb2g 

57.1 

13.1 

7.6 

21.8 

0.4 

4alg 

4.3 

8.8 

58.3 

17.6 

11.0 

3b- 

lg 

2.2 

8.4 

60.0 

17.7 

11.8 

3e 

u 

3.5 

17.5 

46.2 

25.5 

7.3 

Of  these  d-like  molecular  orbitals  the  5ajg  is  rather  unique 
in  its  concentration  of  charge  on  the  metal.  As  is  shown  in 
Figure  4,  this  orbital  is  substantially  antibonding  with  respect 
to  the  metal-ligand  interaction  and  has  a  high  component  of  metal 
dz2  character  with  a  large  proportion  of  the  electronic  charge 
extending  out  perpendicular  to  the  Pt(CN)  2“  plane  along  the  z 
axis.  It  also  appears  that  there  is  significant  s  character  in 
this  orbital,  as  is  suggested  by  the  Pt-C  overlap  and  the  general 
shape  of  the  orbital.  Thus  the  likelihood  of  extensive  inter¬ 
action  among  such  orbitals  in  a  solid  such  as  KCP  is  quite 
evident. 

Along  with  the  general  strong  metal-ligand  mixing,  the  upper¬ 
most  "d-like"  orbitals  are  not  energetically  separated  from  the 
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Figure  3.  Contour  plot  of  lbtt  molecular  orbital  wave  func¬ 
tion.  Amplitude  of  wave  function  increases  by  a  factor  of  5 
with  each  increase  in  absolute  value  of  contour  label.  Sign 
of  labels  gives  sign  of  orbital  lobes.  Interior  nodes  at  various 
atoms  are  not  shown  for  clarity. 


Figure  4.  Contour  plot  of  5aIf  molecular  orbital  wave  function , 
labeled  as  in  Figure  3  except  that  each  integral  increase  in  value 
of  contour  labd  is  a  factor  of  3  increase  in  orbital  amplitude 
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ligand-based  orbitals  as  Is  usually  supposed  but  are  found  in  the 
same  energy  region.  In  fact,  the  important  dz*  (+  s)  molecular 
orbital  (the  5ajg),  rather  than  being  the  highest  occupied 
orbital  in  the  free  ion,  as  has  been  assumed  in  most  of  the  solid 
state  studies  of  the  KCP  derivatives,  is  found  to  lie  below  three 
CN“  based  orbitals  and  is  0.8  eV  below  the  highest  occupied 
energy  level.  Among  the  occupied  d-like  orbitals  the  energy  order 
is  dxy>dxz  yZ>d_2,  which  is  the  same  as  that  previously  proposed  by 
Mason  and  6ray  (22)  but  unlike  that  deduced  by  Piepho,  Shatz  and 
McCaffery  (PSM)  (3)  on  the  basis  of  spectral  and  magnetic  circular 
dlchrolsm  data. 

The  same  energy  level  order  was  obtained  in  our  earlier 
studies  of  the  MC142_  (M  =  Pd,Pt)  complexes  (18)  where  again  the 
highest  occupied  energy  level  was  the  b2„  (dxy).  The  major 
differences  with  respect  to  the  MCl^  2~  energy  level  diagrams  are 
the  relative  positions  of  the  unoccupied  4  bjg  (dx2_y*)  and 
3a 2U  (M  pz+L)  orbital  energy  levels  which  are  reversed  in  the  two 
types  of  complexes. 

This  3a m  orbital  is  found  to  be  mainly  localized  on  the 
nitrogen  atoms  of  the  CN“  groups  and  is  considerably  closer  in 
energy  to  the  occupied  d-like  MO’s  than  in  the  MCl^2”  case,  which 
should  lead  to  relatively  low  energy  electronic  transitions  with 
appreciable  M  -*•  L  charge  transfer  character. 

In  a  manner  analogous  to  that  previously  reported  for  the 
MCl^2-  complexes  (18),  transition  state  calculations  were  carried 
out  on  the  PtfcN)^-  ion  leading  to  calculated  electronic 
transition  energies  which  are  in  good  agreement  with  both  spec¬ 
tral  and  magnetic  circular  dichroism  experiments  as  well  as 
photoelectron  data.  The  comparison  with  the  spectral  data  is 
shown  in  Table  II. 

Following  PSM  (3),  the  lowest  energy  visible  absorption  band 
has  been  assigned  to  a  Ey'  state  (using  double  group  notation) 
produced  by  mixing  of  the  usual  "singlet"  and  "triplet"  excited 
states  of  the  Pt(CN)42-  ion  under  the  influence  of  spin  orbit 
coupling  (It  must  be  emphasized  that  spin  orbit  coupling  has  not 
been  explicitly  included  in  this  calculation,  only  its  effect  on 
the  number  and  symmetry  of  the  excited  states  has  been  considered). 
Here,  however,  the  origin  of  this  transition  is  identified  as  the 
2b  level  rather  than  the  ajg(dz2)  as  was  assumed  by  PSM.  Also 
the  shoulder  at  5.1  eV  has  been  assigned  to  a  transition  from  one 
of  the  ligand  ir-levels  (la  )  to  the  3a2u«  Otherwise  the  assign¬ 
ments  are  in  basic  agreement  with  those  proposed  previously  and 
are  entirely  consistent  with  the  available  magnetic  circular 
dichroism  and  spectral  data.  Furthermore,  the  results  are  also  in 
good  qualitative  agreement  with  the  photoelectron  data  for  the 
Pt(CN)42_  complex  (7,23)  suggesting  that,  indeed,  a  satisfactory 
description  for  the  electronic  structure  of  this  ion  has  been 
obtained . 

As  is  evident  from  Figure  2,  combining  two  such  Pt(CN) ^ 2_ 
units  at  2.89  A  separation  in  the  staggered  configuration  found 


In  Extended  Interactions  between  Metal  Ions;  Interrante,  L.; 

ACS  Symposium  Series;  American  Chemical  Society:  Washington,  DC,  1974. 


27.  INTEBBANTE  AND  MESSMEB 


Solid  State  Interactions 


389 


3  » 

<M  rH 

-Jj  3  « 

x'  W  ^ 

3  ^  3 

<S  3  <N 

(d  CH  «) 

+  *“  + 

+ 

00  00 

rH  00  CS 

«0  HI  ,Q 


'  3 
J* 

/-s  <5 

'  3 


3  3 

iH  CM 
3  <d 


rH 

•H 

cd 

CM 

CM 

cd 

cd 

cd 

cd 

r- 

cd 

(0 

CO 

cd 

cd 

co 

co 

CO 

CO 

cd 

a 

a 

co 

co 

vO 

•H 

cd 

+ 

t 

+ 

t 

+ 

4J 

u 

t 

t 

T 

a> 

H 

00 

00 

00 

00 

00 

u 

CM 

00 

00 

CM 

CM 

CM 

rH 

o 

,£> 

a) 

a) 

rO 

cd 

cd 

cd 

a)' 

a> 

CM 

CM 

CM 

CM 

rH 

rH 

m 

m 

t-* 

a 

rQ 

a  co 

cd 

a 

o 

■Si 

rH 

•H 

4J  rH 

ON 

r** 

in 

rH 

VO 

00 

st 

cd 

4J 

a) 

cd 

• 

• 

• 

• 

• 

• 

• 

• 

U 

•H 

u 

H  X 

r- 

00 

00 

ON 

rH 

CO 

He  O 

CM 

a 

CO 

cd 

co 

CO 

CO 

CO 

st 

st 

m 

m 

a) 

a 

u 

o»— 1 

0 

cd 

C/3 

rH  1 

•H 

u 

Cd  0 

u 

H 

u  o 

a) 

a 

CO 

*H,8 
cd  X  O  />. 
rH  0)  O  o 

al  P^i— I  oo 

■u  i  d  ^ 

a  a  e  o 

<1>  O  U  *H  ,H 

Q  *H  V  ^ 

•H  +J  cd  o 

m  ft  ci)  a  00 

a>  m  s  *h 

ft  o  *J  m 

X  co  X  X  co 


In  Extended  Interactions  between  Metal  Ions;  Interrante,  L.; 

ACS  Symposium  Series;  American  Chemical  Society:  Washington,  DC,  1974. 


*  Several  additional  transitions  (3  symmetry  forbidden,  singlet  and  6  triplet)  are  calculated 
to  occur  in  this  region. 

a)  Ref.  [3].  b)  Energies  of  fully  allowed  charge  transfer  transitions  are  underlined;  c)  Primes  on 
symmetry  labels  denote  a  double  group  state  derived  from  spin  orbit  splitting  of  the  appropriate 
triplet  excited  state.  Only  the  resultant  symmetry  allowed  transition  states  are  noted;  d)  Ref.  [ 
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In  the  unit  cell  of  the  KCP  complexes  results  In  substantial 
Interaction  among  several  of  the  orbitals  leading  to  "bonding" 
and  "antibonding"  orbital  pairs  separated  by  as  much  as  2.65  eV. 
The  largest  interaction  is  clearly  among  the  aXg  orbitals  and  in 
particular  between  the  5a:g  orbitals  which  our  calculations 
indicate  are  largely  based  on  the  metal  and  have  a  high  concen¬ 
tration  of  electron  density  along  the  metal  chain  axis.  In  the 
case  of  the  Sa^  orbital  this  interaction  is  sufficient  to  raise 
an  antibonding  ij  orbital  such  that  it  becomes  the  highest 
occupied  level  in  the  dimer  unit.  Large  interactions  are  also 
indicated  among  several  of  the  a2u  levels  -  particularly  the  low¬ 
est  unoccupied  3azU  -  as  well  as  among  certain  of  the  e  levels. 

In  general,  within  each  type  of  orbital  there  seems  to  be  a  rough 
correlation  between  the  amount  of  orbital  interaction  and  the 
proportion  of  electron  density  on  the  metal,  as  would  be  expected 
due  to  the  relatively  large  inter-ligand  separation  in  the 
staggered  arrangement  of  the  Pt (CN) ^ 2_  units.  In  contrast,  the 
in-plane  b  and  b2g  orbitals  show0essentially  no  interaction  at 
this  metal-metal  separation  (2.89  A)  carrying  over  as  essentially 
unsplit  b  ,  b2  pairs  of  levels.  In  addition  to  these  direct 
orbital  interactions  there  is  a  general  raising  of  the  energy  of 
the  orbitals  in  the  dimer  with  respect  to  those  in  the  free  ion, 
presumably  reflecting  the  increased  shielding  in  the  closely 
spaced  dimer  unit. 

These  observations  have  some  important  implications  with 
regard  to  solid  state  interactions  in  Pt (CN) ^n_  complexes.  In 
particular,  the  ordering  of  the  energy  bands  and  the  position  of 
the  Fermi  level  in  these  solids  should  be  a  very  sensitive 
function  of  the  intermolecular  separation  and  in  the  case  of  the 
KCP  complexes,  where  this  separation  is  quite  short,  the  highest 
occupied  band  is  indeed  likely  to  be  a  nearly  free-electron  like 
dz2  +  s  band  as  has  been  suggested  previously  (24) .  However,  as 
these  results  show,  it  does  not  follow  that  the  dz 2-like  orbital 
is  also  the  highest  level  In  the  free  ion  and,  indeed,  for  many 
of  the  solid  Pt(CN)42-  complexes  which  display  unusual  solid  state 
spectral  properties  buf  where  the  metal-metal  separations  are  in 
the  range  3.63  -  3.09  A  (6),  the  Fermi  level  may  well  lie  within 
quite  narrow  "d'1  or  "dxz  yz"  type  bands  rather  than  a  wide 
dz 2-like  band. 

More  definitive  answers  to  these  questions  and  to  the 
central  question  regarding  the  electronic  structure  of  the  KCP 
complexes  are  currently  being  sought  in  further  SCF-Xa-SW 
calculations  on  [Pt(CN)  n-]m  units  as  well  as  through  the  use  of 
band  structure  calculation  methods. 
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One-Dimensional  and  Pseudo-One-Dimensional 
Molecular  Crystals 

ULRICH  T.  MUELLER-WESTERHOFF  and  FRIEDRICH  HEINRICH 
IBM  Research  Laboratory,  San  Jose,  Calif.  95193 


In  this  concluding  talk  of  the  symposium  we  want  to  discuss 
new  systems  which  we  are  looking  at  in  order  to  obtain  some 
clarification  concerning  the  Peierls  instability  and  how  to 
circumvent  it.  Since  it  is  the  last  talk,  I  also  think  that  a 
brief  outlook  to  promising  future  work  is  in  order.  First  of 
all,  we  want  to  distinguish  the  systems  that  we  are  working  on 
and  which  we  want  to  call  Pseudo-one-dimensional  Molecular 
Crystals,  from  the  one-dimensional  square  planar  complex  systems 
like  Krogmann's  Salt  and  the  not  so  strictly  one-dimensional 
molecular  crystals  of  the  TTF-TCNQ  type.  Our  systems  are 
composed  of  either  mixed  valence  cations  of  square  planar 
ligand-bridged  bis-transition  metal  chelates  with  acceptor  anions 
such  as  TCNQ  as  the  counterion  or  of  donor  cations  with  ligand 
bridged  bifunctional  transition  metal  complex  counterions.  In 
both  cases  we  will  deal  with  radical  ion  salts  of  charge  transfer 
systems.  The  particularly  interesting  aspect  of  these  compounds 
lies  in  the  coexistence  of  intramolecular  as  well  as 
intermolecular  exchange  and  electron  transfer  interactions 
between  the  transition  metals  involved.  These  systems  are 
designed  to  maintain  the  anisotropic  properties  of 
one-dimensional  molecular  crystals  and  have  incorporated  in  them 
the  first  possibility  of  avoiding  the  transition  to  an  insulating 
Peierls  state.  Eliminating  the  metal-insulator  transition  of 
highly  conducting  compounds  is  of  course  equivalent  to  creating 
organic  and  organometallic  metals  in  the  actual  sense.  However, 
the  molecular  design  does  not  eliminate  the  possibility  that  we 
may  create  a  true  insulator,  although  from  all  energetic 
considerations  this  would  not  be  very  likely. 

One-dimensional  Systems 

In  order  to  better  explain  the  reasons  for  our  suggesting 
blfunctlonal  ligand  bridged  systems  for  this  investigation,  we 
like  to  first  take  a  look  at  the  known  inorganic  and  organic 
one-dimensional  molecular  crystals. 
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Inorganic  Linear  Systems 

Several  talks  in  this  symposium  discussed  properties  of  a 
one-dimensional  inorganic  salt,  which  currently  is  very  much  en 
vogue:  the  so-called  Krogmann's  Salt  ("KCP",  K-Pt(CN) .O.SBrSl^O) 
in  which  during  the  transformation  from  the  neutral  Pt(II) 
complex  by  bromine  oxidation  to  the  mixed  valence  compound  there 
occurs  a  substantial  decrease  in  the  intermetallic  (in  this  case 
equal  to  the  interplanar)  distances  from  3.22to  2.88  A,  by  means 
of  which  the  overlap  between  the  platinum  5d^  atomic  orbitals 
is  increased.  This  gives  rise  to  metallic  behaviour  in  one 
dimension  along  the  platinum  backbone  of  the  essentially 
one-dimensional  molecular  crystal.  For  similar  systems  like 
the  mixed  valence  oxalates  and  others ,  one-dimensional  metallic 
behaviour  and  high  anisotropy  ratios  of  optical  and  other  related 
properties  have  been  established.  At  low  temperatures,  KCP 
behaves  like  a  semiconductor  (1) . 


Organic  Linear  Systems 

The  organic  counterpart  to  KCP  is  the  class  of  TCNQ  radical 
anion  salts  (2) ,  which  is  currently  being  studied  in  a  number 
of  laboratories.  The  unique  feature  of  TCNQ  salts  is  that,  due 
in  part  to  the  polarized  charge  distribution  in  the  radical 
anion.  Coulomb  interactions  favor  a  linear  arrangement  within 
the  molecular  crystals.  Exceptions  are  known,  e.g.  TMPD-TCNQ, 
in  which  the  separation  of  the  positive  charge  centers  in  the 
cation  is  identical  to  the  separation  of  the  negative  charge 
centers  in  TCNQ  anion;  this  could  well  be  the  main  reason  for 
a  D-A-D-A-D-A  stacking  being  energetically  favored  by  coulomb 
attraction.  While  in  charge  transfer  systems  the  overlap  of 
the  ir-systems  will  generally  favor  a  linear  arrangement,  the 
symmetry  of  the  Interacting  molecular  orbitals  is  rarely  as 
suited  for  the  formation  of  segregated  stacks  as  in  TCNQ  radical 
anion  salt.  Due  to  the  rather  delicate  balance  between  Coulomb 
and  packing  forces,  the  molecular  symmetry  is  directly  related 
to  the  anisotropy  of  molecular  crystals.  Two  main  classes  of 
TCNQ  salts  have  to  be  distinguished: 

Class  C:  TCNQ  radical  anion  salts  of  Closed  shell  cations; 

within  this  class,  there  are  such  diverse  systems  as 
LiTCNQ,  Cs,  (TCNQ)-,  NMP-TCNQ,  NEtP-TCNQ ,  Q-TCNQ , 
Et-NH-TCNQ  etc. 

Class  0:  TCNQ  radical  anion  salts  of  Open  shell  cations, 
comprising  the  most  interesting  systems  like 
BFD- (TCNQ) _ ,  TTF-TCNQ ,  TMPD-TCNQ  and  others. 

The  cations  in  class  C  compounds  do  not  directly  participate 
in  the  electronic  conduction  process ,  although  in  some  of  them 
the  qualities  of  polarizability  and  permanent  dipole  moments  _ 
have  bearing  on  the  Coulomb  potential  along  the  conductive  TCNQ 
chains . 
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Class  0  compounds  are  true  charge  transfer  salts  of  closed 
shell  donor  and  acceptor  molecules.  It  should  be  kept  in  mind, 
however^  that  a  typical  class  C  compound  can  also  be  a  CT  salt: 
Ll  TCNQ  is  a  true  charge  transfer  salt  but  of  an  open  shell 
donor  and  a  closed  shell  acceptor,  leading  to  a  closed  shell 
donor  cation  and  an  open  shell  acceptor  anion.  In  Class  0 
salts,  the  coexistence  of  radical  cations  and  anions  is  the  key 
to  high  conductivities,  since  in  addition  to  the  properties 
available  also  in  class  C  compounds  there  is  the  possibility  in 
donor  and  acceptor  ions  for  both  electron  and  hole  conduction. 

In  the  TCNQ  complex  of  bisfulvalene-diiron  BFD-(TCNQ)_, 
which  represents  the  first  mixed  valence  complex  salt  of  TCNQ, 
the  intramolecular  electron  transfer  within  the  Fe(II)-Fe(III) 
systems  seems  to  play  an  important  role.  However,  here  the 
limit  of  intermolecular  interactions  is  the  same  as  in  TTF-TCNQ: 
it  is  the  overlap  between  7T-electron  systems.  (3) 

This  kind  of  limitation  has  prompted  us  to  consider  mixed 
valence  systems  with  direct  intermetallic  bonds  as  the  most 
promising  approach  to  stable  highly  anisotropic  organometallic 
metals. 


Transition  Metal  Complexes  and  TCNO  Salts 


It  is  a  tempting  approach,  to  try  to  combine  the  two  known 
linear  systems:  linear  mixed  valence  square  planar  transition 
metal  complexes  (for  which  in  the  further  discussion  we  will 
only  consider  platinum  as  the  classic  example)  and  organic  or 
organometallic  acceptors  (for  which  we  will  take  TCNQ  as  the 
example  of  choice  -  although  in  its  acceptor  properties  it  is 
no  longer  particularly  outstanding) . 

Consider  the  two  approximate  spacing  parameters  of  the 
following  illustration  describing  a  TCNQ  stack  and  a  linear  Pt 
chain:  In  TCNQ  the  interplanar  spacing  is  about  3.2  A,  the 
overlap  is  roughly  between  the  center  of  the  molecule  to  the 
center  of  the  malonitrile  group  of  its  neighbors  -  giving  us  a 
packing  distance  of  4.2  A  as  a  average  value.  In  KCP  the  Pt-Pt 
distance  is  2.88  A.  Since  we  are  dealing  in  this  case  with 
square  planar  units  with  a  total  negative  charge  of  2.3  units, 
it  is  reasonable  to  expect  that  due  to  the  lesser  coulomb 
repulsion  in  a  neutral  complex  a  Pt-Pt  distance  of  2.7  to  2.8 
A  can  be  obtained,  with  this  number  being  an  important  factor 
for  determining  the  stoichiometry_of  square  planar  mixed  valence 
systems  containing  stacks  of  TCNQ  as  the  counterions.  As  shown 
in  the  following  diagram  there  is  only  the  one  allowed  ratio  of 
2. 8/4. 2  *  0.67  TCNQ's  per  Pt  in  uniformly  stacked  solids. 

Although  several  attempts  have  been  made  in  other 
laboratories  to  produce  conductive  organometallic  mixed  valence 
systems  of  the  above  kind,  such  approaches  cannot  be  successful 
since  there  is  a  discrepancy  between  the  Pt-Pt  distance  of  2.8 
A  for  optimal  interactions  and  the  minimal  distance  (3.2  A)  for 
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organic  ligand  molecules  Imposed  by  repulsion  forces.  The  only 
way  by  which  in  such  compounds  significant  metal-metal 
interactions  can  be  obtained  is  to  distort  the  molecules  from 
their  planar  ground  state  and  to  create  dimeric  species.  Such 
structures  are  reminiscent  of  the  Peierls  state  of 
one-dimensional  systems. 

A  thorough  crystallographic  study  (4)  of  the  unsubstituted 
dithiene-platinum  complex  showed  such  dimers.  Schematically, 
the  distortion  is  shown  in  the  following  diagram. 
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We  consider  this  distortion  to  be  one  of  the  main  reasons 
for  the  absence  of  organometallic  transition  metal  complexes  of 
more  than  semiconductor  qualities  (with  the  BFL  system  above 
being  the  only  exception  so  far) .  It  is  reasonably  safe  to 
predict  that  there  can  be  no  metallic  systems  based  on  square 
planar  linearly  overlapping  organometallic  transition  metal 
complexes.  One  alternative  structure  that  avoids  the  steric 
problems  is  based  on  the  use  of  polymeric  associates  of  the 
(C5H5TI) x  and  (CgHgEu)x  type.  For  CpTl,  a  linear  alternating 
Cp  and  T1  arrangement  in  the  solid  is  known  and  partial  oxidation 
of  such  a  stack  by  TCNQ  could  lead  to  T1(I)-T1(III)  mixed  valence 
cations  segregated  from  stacks  of  TCNQ  anions.  Attempts  in  our 
laboratory  to  prepare  such  systems  have  been  unsuccessful. 

Our  approach  to  avoid  the  ligand  repulsion  problems  and  to 
still  utilize  the  advantages  of  direct  metal-metal  bonding 
through  d^  orbitals  as  in  KCP  lies  in  the  construction  of 
bifunctional  organometallic  species,  which  offer  several 
surprising  advantages. 

Pseudo-One-Dimensional  Systems 

The  principle  of  our  approach  lies  in  the  synthesis  of  two 
classes  of  ir-ligand  bridged  bimetallic  planar  transition  metal 
complexes.  The  significant  point  in  pursuing  the  synthesis  of 
these  complexes  lies  in  their  unique  possibility  of  avoiding 
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the  Pelerls  State.  As  a  matter  of  fact,  these  compounds  have 
to  undergo  a  distortion  in  order  to  become  metallic!!  Herein 
lies  their  particular  promise.  The  displacement  out  of  the 
compound  plane  should  have  a  negligble  influence  on  the 
Intramolecular  Interactions. 

We  are  currently  looking  at  two  main  classes  of  complexes. 
In  the  first  class,  transition  metals  are  complexed  by  rigid 
bifunctional  ligand  systems.  The  synthesis  of  such  ligands 
poses  severe  difficulties,  which  are  understandable  to  anyone 


familiar  with  the  preparation  of  macrocyclic  compounds.  However, 
we  have  recently  succeeded  in  preparing  such  compounds  and 
complex  systems  -  although  these  experiments  do  not  as  yet  allow 
the  preparation  of  ligands  in  useful  quantities. 

The  second  approach  is  to  use  ligand  exchange  reactions  to 
construct  complexes  that  exhibit  strong  intramolecular 
interactions.  In  this  approach,  we  sacrifice  molecular  rigidity 
for  synthetic  simplicity.  Useful  bridging  ligands  which  are 
incorporated  in  this  synthesis  are  of  the  2,2'-bipyrimidyl  type 
to  give  us  complexes  of  the  following  general  type. 


Both  methods  produce  planar  systems  containing  two  metal  atoms . 
For  the  following  discussion,  we  wish  to  represent  these  systems 
by  the  notation 
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-  pt  -  Pt  - 

which  schematically  equals  a  side  view  of  these  systems.  The 
entire  complex  carries  either  a  positive  or  negative  partial 
charge,  depending  on  the  counterion  involved. 

The  Two  Stacking  Arrangements 

There  are  two  principal  ways  in  which  complexes  of  this  type 
together  like  a  linear  stack  of  counterions  can  be  arranged  in 
regular  stacks  in  molecular  crystals  and  still  fully  utilize 
the  stabilization  offered  by  the  overlap  of  a  orbitals.  These 
two  arrangements,  termed  by  us  the  "step"  and  "ladder"  stackings 
require  quite  different  stoechiometries  in  their  mixed  valence 
state. 

As  a  sideline,  it  should  be  noted  that  there  are  presently 
also  a  few  neutral  mixed  valence  system  under  investigation  in 
our  laboratory.  These,  of  course,  form  a  completely  different 
class  of  compounds  and  will  be  described  separately. 


- Pt - Pt - 


STEP  Arrangement 


- Pt - Pt - 


- Pt - Pt - 

- Pt - Pt - 

- Pt - Pt LADDER  Arrangement 

- Pt - Pt - 

- Pt - Pt - 

The  STEP  Arrangement 

Considering  spacing  and  stoechiometry  for  a  molecular  crystal 
made  up  from  stacks  of  TCNQ  radical  anions  and  bifunctional 
mixed  valence  cations  in  the  step  arrangement,  we  have  only  one 
free  parameter  that  determines  the  relation  between  stoechiometry 
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and  Intramolecular  Pt-Pt  distances.  In  both  stacks  the 
interplanar  spacing  Is  3.2  A,  the  TCNQ  chain  spacing  is  4.2  A, 
which  has  to  be  matched  as  Illustrated  in  the  following  diagram. 
For  a  1:1  stoechiometry  (one  Pt  per  TCNQ),  the  intramolecular 
Pt-Pt  distance  has  to  be  7.8  A.  For  non-integral 
stoechiometries ,  the  values  in  the  following  table  apply. 


In  order  to  achieve  significant  intermolecular  metal-metal 
overlap,  the  molecules  have  to  distort  in  the  same  way  as  it 
was  found  for  the  dithiene-Pt  complex  dimer.  However,  since 
the  dimers  in  this  case  of  bifunctional  systems  are  connected 
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by  a  conductive  ir-electron  ligand  bridge,  they  are  in  essence 
stabilizing  the  metallic  state  through  this  distortion.  As  is 
evident  from  the  above  sketch,  we  now  have  systems  with 
intramolecular  interactions  as  well  as  direct  intermolecular 
metal-metal  coupling.  The  step  arrangement  appears  to  be  stable 
and  not  subject  to  further  distortions. 

The  LADDER  Arrangement 

The  alternative  stacking  arrangement  depicted  above  offers 
significant  advantages  over  the  step  arrangement,  since  the 
relation  between  packing  requirements  and  intramolecular  Pt-Pt 
distance  has  been  removed.  Bridging  ligands  of  any  size  can  be 
accomodated  as  long  as  they  do  not  deviate  from  planarity .  As 
is  evident  from  the  following  diagram. 


the  confining  limitation  in  the  spacing  of  complex  units  relative 
to  TCNQ  units  leads  to  a  fixed  stoechiometry  of  (Pt-Pt) /TCNQ  = 
1.31,  which  for  simple  TCNQ  salts  corresponds  to  a  Pt  oxidation 
state  of  2.66. 

Again,  as  in  the  step  arrangement,  a  distortion  of  the 
bifunctional  molecule  is  needed  to  maximize  the  metal-metal 
overlap  and  to  achieve  the  metallic  state: 


Pt 
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Although  the  advantages  of  this  arrangement  are  obvious,  there 
is  one  possibility  which  might  lead  to  a  pairwise  "in  phase" 
distortion  as  illustrated  below,  which  would  lead  to  a  much  less 
conductive  state.  In  this  case,  the  properties  will  be  similar 
to  the  mixed  valence  BFD-(TCNQ)2  system  mentioned  earlier.  A 
priori,  there  are  no  criteria  to  safely  predict  which  of  the 
two  distortions  will  occur  -  the  stabilized  metallic  state  or 
the  real  Peierls  state.  Since  extended  interactions  will 
stabilize  the  total  system,  we  would  expect  the  "out  of  phase" 
metallic  state  to  be  energetically  favored.  It  is  important 


Pt 

I 


Pt 


k 


pt  pt 


to  realize  that  the  two  states  should  not  interconvert,  since 
to  do  so,  we  would  have  to  break  a  metal-metal  bond,  move  the 
metal  through  the  molecular  plane  and  reform  a  metal-metal  bond 
on  the  other  side.  Thus,  even  if  metallic  conduction  is  not 
achieved,  we  are  eliminating  the  metal- insulator  transition  and 
are  beginning  to  understand  which  influence  the  deviations  from 
strict  one-dimensionality  have  on  the  preservation  of  regularly 
spaced  transition  metal  complex  systems. 
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